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In-situ measurement of internal gas pressure within cylindrical 
lithium-ion cells 
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H I G H L I G H T S  

• New methodology to measure in-situ gas pressure within commercial cylindrical cells. 
• In cell gas accumulation due to electrical, thermal loading and ageing quantified. 
• New insights into reversible and irreversible gas pressure changes are presented. 
• Pressure accumulation during ageing correlated with battery state of health (SOH).  
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A B S T R A C T   

Internal gas pressure is a key parameter that varies depending on cell heating and gas formation over the lifetime 
of a lithium-ion cell under dynamic load conditions and ageing. In our research, for the first time, we present a 
methodology to directly measure internal gas pressure during pre-instrumentation, cell operation and ageing via 
an embedded sensor system. Cylindrical format cells (LG-INR21700M50) are instrumented using our proven 
instrumentation technique. Our study demonstrates that the performance and degradation of instrumented cells 
are not adversely affected by the instrumentation process. In this study, the effect of state-of-charge (SOC), 
degradation and temperature on internal gas pressure is evaluated. Initial results highlight a nonlinear rela
tionship between gas pressure and SOC of the cells during charging and discharging and, gas pressure and 
temperature when the cells are operated under no-load conditions. Our study further highlights that gas pressure 
accumulation can be correlated with capacity fade or state-of-health (SOH). Monitoring of internal gas pressure 
could therefore become a useful additional indicator of SOC and SOH and provide new insights into degradation 
and the safety of lithium-ion cells.   

1. Introduction 

Over the last two decades, the demands for energy storage units have 
increased exponentially with the proliferation of portable electronics. 
This demand continues to expand with new electrification targets to 
replace fossil fuels in multiple applications such as hybrid electric ve
hicles, full electric vehicles, electric aircrafts, grid-connected energy 
storage, and renewable energy systems. Lithium-ion batteries (LIBs) are 
considered to be one of the most promising electrochemical storage 
devices due to their comparatively high gravimetric and volumetric 
energy/power, high voltage, absence of severe memory effects, and long 
cycle life [1–3]. However, there are major challenges associated with the 
practical application of LIBs in terms of monitoring and controlling of 

the battery status, such as state-of-health (SOH), state-of-charge (SOC), 
power capacity, internal temperature and internal gas pressure. The 
poor monitoring of battery systems could cause degenerative and faster 
degradation, decreasing performance and potential catastrophic failures 
of LIBs and LIB-powered systems. This insufficiency could create a major 
challenge for large-scale applications for aerospace and automotive in
dustries where improved safety, longer cycle life, extended capacity, and 
fast-charging requirements are highly demanded [3–5]. 

Battery management systems (BMS) play a critical role in terms of 
the safety, reliability, efficiency, and longevity of LIB systems. However, 
existing BMS are still insufficient to meet the demand for advanced 
monitoring and control for LIB systems. Since BMS typically relies on 
very limited measurements of current, terminal voltage and surface 
temperature of the modules inside a battery pack. For example, the 
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surface temperature of the batteries is typically measured at module- 
level with different manufacturers and integrators adopting different 
approaches to instrumentation accommodated in a few different loca
tions in the battery assembly. As highlighted in our previous research 
[6], there is a significant difference between the surface and internal 
(core) temperature of a single cell. Hence, our understanding of the 
internal temperature changes of an individual cell inside a battery pack 
is limited [7]. To the authors’ knowledge, there are no commercial BMS 
with pressure sensor interface capability. We propose that the mea
surement of temperature and pressure is essential to understand the SOH 
of a cell. Current BMS techniques, reliant on model prediction, fail to 
accurately represent the physical failure mechanisms of the cell. The 
accuracy of these models is tied to the original experimental datasets, 
which are inherently linked to the cell chemistry and format. Cell ageing 
in end-applications cannot be accurately predicted without sensor data, 
thus the ability of the BMS to manage the pack lessens as the pack ages. 
To remedy such deficiencies and limitations requires the advances in the 
monitoring and control functions of the BMS. This potentially raises the 
need for cell-level sensing, which could provide more in-depth knowl
edge of real-time cell status, and underpins the measurement of new 
battery parameters, such as core temperature, internal gas pressure, heat 
distribution, strain, and electrode voltage. This helps to satisfy the ur
gent expectations of improving battery safety, performance and lifetime 
[3]. 

Gas generation during lithium-ion battery operation is known to be a 
complex phenomenon. It is dependent on various parameters such as the 
composition of electrolyte, the nature of electrodes, cycling and oper
ating conditions, e.g., cut-off voltage and temperature. More impor
tantly, the gases that have been produced during battery operation and 
storage accumulate inside sealed lithium-ion batteries. The gas accu
mulation is primarily localised at particularly areas such as the elec
trode/electrolyte interfaces [8]. This results in an increase in the 
electrical resistance of the cell [9], causing further heat generation and 
consequently the loss in the electrochemical performance of the cell 
[10]. This also results in an increase in internal pressure leading to 
mechanical stress on the electrode materials, causing faster ageing and 
potential safety concerns. The pressure increase can also change the 
physical structure of the batteries which have a softer case, e.g., pouch 
cells [11]. For example, sweeling ranging from 6% to 20% is observed in 
commercial pouch cells after being stored at high temperatures [12], 
whereas the physical changes in cylindrical cell housing are unlikely due 
to the rigidity of the cell structure [11]. 

An improved understanding of internal pressure within a LIB cell 
enhances our understanding of cell design and safe operation. Thermal 
runaway and mechanical failure, such as side wall rupture, have been 

widely reported in the literature [13,14], with many articles further 
discussing the implications of cell failure at a system-scale and the need 
for different mitigation strategies. Novel cell designs and the use of 
in-built features such as a current interrupt device (CID) are employed to 
reduce the severity of cell failure. The ability to accurately measure 
internal pressure, in a repeatable manner, is a pre-requisite for the 
validation of such components and could underpin future innovations in 
cell design and LIB safety. 

Since the indication of gas pressure increase within lithium-ion cells 
is very limited, a number of authors [15–18] have reported experiments 
where the gas pressure inside lithium-ion cells has been monitored. In 
the literature, there are different approaches presented to monitor gas 
pressure under cell operation. Matasso et al. [15] constructed a test 
chamber in order to examine the gas pressure and gas formation of a 
cylindrical lithium-ion battery with lithium cobalt oxide cathode [15]. 
In their test setup, the pressure vent cap was removed from the cell. 
Afterwards, it was transferred into their sealed test chamber. The sig
nificant increase in gas pressure was observed over the 250 cycles. The 
authors indicated that the rate of pressure increase per cycle was 
decreased when the cell aged. They found that the rate of pressure in
crease is dependent on the cycling rate. Schiele et al. [16] developed a 
multichannel pressure-measurement system to monitor the pressure 
inside a self-built cells. They observed significant gas formation during 
formation cycling. It was highlighted that gas formation was higher at 
elevated temperatures. They also correlated the capacity loss during the 
formation process with the pressure increases due to gassing [16]. 
Schweidler et al. [17] used the same experimental setup with Schiele 
et al. and monitored the gas pressure of lithium titanate oxide 
(LTO)/graphite cells during electrical cycling. The pressure increases 
due to gassing and the change in the volume of graphite was found 
where the volume changes in the LTO were considered negligible [17]. 
Schmitt et al. [18] used custom-built prismatic cells in order to monitor 
the gas pressure over 1000 cycles. They integrated a commercially 
available pressure sensor into their custom-built cells. They found an 
irreversible pressure increase after a long period of electrical cycling, 
which they interpreted as due to gas formation. The authors correlated 
the pressure increases with the loss of energy capacity due to the 
degradation of the cell. They also investigated the SOC and temperature 
effects on gas pressure changes. Their results indicated that both SOC 
and temperature are a nonlinear relationship with the gas pressure [18]. 

Internal gas pressure is one of the important battery parameters that 
vary depending on the heating effect and gas formation over the lifetime 
of a lithium-ion cell under dynamic load conditions and ageing. This 
could be a promising parameter to measure since gas pressure can 
provide valuable information on battery performance, lifetime, and 
safety for large-scale applications, where more in-depth knowledge is 
required. In this study, we developed an individual cell-sensing method 
for 21,700 format cylindrical cells to monitor internal gas pressure 
changes during cell operation and storage. Here, we demonstrate our 
advanced cell-sensing method, presented in [6], is well suited for 
instrumentation of pressure transducers. Our methodology for moni
toring internal pressure changes in this study advances the techniques 
previously described in the literature. Namely, offering a repeatable 
instrumentation method, compatible with commercial cells relevant to 
the automotive and aerospace industry, minimal damage to the cell 
structure which we believe allows the cell to retain the same limits of 
operation specified by the manufacturer. In this work, direct measure
ment of the gas pressure was investigated for cylindrical cells during 
operation, and the effect of the cell state-of-charge (SOC), degradation 
and temperature on gas pressure inside the cells are evaluated. 

The structure of this paper as follows. Experimental methodology is 
presented in Section 2, which discusses the experimental setup for pre- 
instrumentation pressure, cell instrumentation, verification, and elec
trochemical tests performed. Results and discussion are presented in 
Section 3. Further work and Conclusion are discussed in Sections 4 and 5 
respectively. 

Abbreviations 

OCV open circuit voltage 
SOC state of charge 
SOH state of health 
BMS battery management system 
LIB lithium-ion batteries 
Z internal impedance 
CT x-ray computed tomography 
RPT reference performance test 
DC direct current 
DCIR direct current internal resistance 
CC constant current 
CV constant voltage 
NMC nickel manganese cobalt 
LTO lithium titanate oxide 
CID current interrupt device  
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2. Experimental methodology 

2.1. Experimental test setup 

In this study, commercial 21,700 format cells were employed to 
monitor the gas pressure inside a cylindrical cell. These cells were 
manufactured by LG Chem and comprise an NMC 811 formulation for 
the cathode and a Graphite-SiOx anode. The gas pressure was investi
gated for three experimental conditions: (i) pre-instrumentation, (ii) 
typical cell operation and (iii) ageing through extended charge- 
throughput. The flow diagram of the experimental tests conducted in 
this study are summarised in Fig. 1. Monitoring of gas pressure at pre- 
instrumentation was investigated within three pristine/new cells. This 
initial experiment was conducted within a bespoke battery abuse test 
facility within the university via a method of LIB penetration testing. 
Afterwards, a new set of three pristine cells were instrumented with 
pressure sensors for the investigation of gas pressure changes during cell 

operation and ageing. The characterisation tests included a reference 
performance test (RPT), electrical cycling. The application of tempera
ture profiles was also performed within a climate chamber (Binder 
MKF56) using a Bio-Logic VSP-300 Potentiostat with the cell at no-load. 
For all experiments, the cell surface temperature was monitored via K- 
type thermocouples attached to the centre location of the cell. The 
temperature data was logged at a sample frequency of 10 Hz using a data 
logger (PicoLog TC-08). Details of the experimental setup and individual 
experimental procedures are provided in the following sections. 

2.2. Pre-instrumentation gas pressure 

The purpose of this initial experiment is to quantify the inherent 
pressure within the LIB as a result of formation cycles and initial SOC 
conditioning by the manufacturer for storage and transport. Electrical 
pre-conditioning of the three pristine cells was avoided. The cells were 
kept inside the climate chamber (set to 25 ◦C) for a period of 2 h for 

Fig. 1. Experimental flow diagram including pre-instrumentation pressure investigation, cell instrumentation and verification/characterisation tests performed in 
this work. 
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temperature stabilisation before the penetration testing. The SOC level 
for the cells was 30% SOC (post-manufacturing delivery condition) 
during testing. 

Pre-instrumentation pressure was measured during bespoke pene
tration testing. A test rig that comprised a cell-holding platform, Fig. 1 
(1c), and cell-penetrating base, Fig. 1(1a), was designed in order to open 
the negative terminal of the cell with a bespoke hypodermic needle. The 
needle was connected to a pressure transducer, where the needle formed 
a small passage to the core of the cell. The hole on the negative terminal 
after penetration test is shown in Fig. 1(1e). Penetration was conducted 
with a hydraulic bench press (Clarke CSA10BB) as shown in Fig. 1(1d). 
During testing, hydraulic pressure was slowly applied to the cells, and 
the internal gas of the cell was released through the needle. The gas 
pressure was monitored via the pressure transducer (Gauge digital 
pressure transducer operates up 7 bar, with an accuracy of ±0.20% full 
scale deflection, MM-G-100-USBH-B-4-MD-0-T8-A3-CE, Omega). For 
precise gas pressure measurements, the cell-holding platform was 
designed to have a low-volume path during the penetration movement 
which is from the needle’s initial position to the later state that forms a 
small passage. The volume change inside the cell-holding platform was 
calculated as 0.767 cm3. Additionally, the base plate was supported with 
O-rings and bonded washers to avoid gas leakage. The penetration 
testing was conducted at 22.5◦С (±0.3◦С) of ambient temperature. The 
images of testing rig are shown in Fig. 1(1). 

2.3. Cell instrumentation with pressure sensor 

Modifying the LIB cell to monitor the gas pressure inside the cylin
drical cell was achieved by extending our previously reported cell 
instrumentation method [6], which was based on creating a pilot hole 
on the negative terminal using a flow-drill method to avoid swarf for
mation and material loss. The working principle of the flow-drill was to 
form a hole through a high-speed rotation and the instantaneous gen
eration of heat. This combined with an appropriate feed rate formed a 
hole with minimal damage and swarf on the negative terminal. While 
forming the hole, a burr inside the hollow core is created, where the 
current collector and the cell were joined. This burr was used a create 
threads for resealing the cell after instrumentation. This method enables 
access directly into the hollow mandrel of the cylindrical cell without 
causing mechanical damage to the integrity of the cell case or its internal 
components. Additionally, it has benefits of creating a secure and 
repeatable method of fitting the sensors. 

For this research, three cylindrical cells were discharged to 3 V (less 
than 20% SOC) at a constant current rate of C/3 prior to cell modifi
cation. Afterwards, a pilot hole located in the centre of the negative 
terminal was formed with a diameter of 1.8 mm. This is followed by a 
thread forming procedure to create an M 2.5 thread on the internal burr. 
As a final stage of cell modification, the cells were temporarily re-sealed 
within a bonded washer and nylon screw to perform a performance 
characterisation test (further details are provided in Section 2.4) until 
the sensor assembly process. 

To monitor gas pressure changes under nominal cell operation, 
digital gauge pressure transducers from Omega were used. The sensors 
have a high accuracy of ±0.20% throughout the range of 7 bar with a 
USB data output. A bespoke fitting to interface to the hollow mandrel 
core with an external pressure transducer was designed and fabricated 
using gas-tight tube fittings (SS1001OR, SS201PC and SS20074RG, 
Swagelok). The parallel thread of Swagelok SS1001OR was replaced 
with a threaded bulged tube, and a groove was created for the second O- 
ring (FKM 3 mm bore with 6 mm OD, RS Pro) to reseal the cell after 
instrumentation. Afterwards, SS1001OR was assembled with 
SS20074RG through SS201PC. This gas transfer piece from the hollow 
mandrel core to the transducer is named as the pressure adaptor in this 
paper. The adaptor has been designed to fit any G ¼ inch female pressure 
sensor, which allows for the use of different sensor types to be selected 
for nominal cell operation or battery abuse test conditions. The pressure 

adaptor and the assembly with pressure transducer are shown in Fig. 1 
(2e) and Fig. 1(2f) respectively. 

Prior to instrumentation, the sealing quality of the pressure adaptors 
was verified by a pressure leak test. The testing was performed using a 
leak test panel from JW Froehlich (MPS200). After the pressure trans
ducers were assembled with the adaptors, they were individually con
nected to the test panel and pressurised to 2.5 bar (deemed to be 
representative of the highest likely pressure the cell would experience 
during typical operation based on previous studies [18,19]) via a 
compressor (Bambi 75/250). For each pressure adaptor, the leak test 
was repeated five times and the average volume of leakage was calcu
lated as 12 Pa over a measurement period of 8.5 s. The leakage was less 
than 15 Pa (0.15 mbar) was accepted as a successful seal. Afterwards, all 
pressure transducers were recalibrated in the range of 50 mbar to 2.5 bar 
at several calibration points (10 mbar, 50 mbar, 100 mbar, 200 mbar, 
500 mbar, 1 bar, 1.5 bar, 2 bar and 2.5 bar) using a pressure calibrator 
(Druck DPI612 Flex). A linear calibration curve for all pressure sensors 
was observed in line with the manufacturer’s specification. 

The integration of pressure transducers with the modified cells was 
performed inside a glovebox, where the ambient pressure was between 
2 mbar and 3 mbar, and O2 and H2O concentrations were maintained 
below 0.1 ppm. With the temporary seal removed, the pressure adaptor 
was positioned perpendicular to the negative terminal and screwed into 
the cell body to re-seal the cell. A typical instrumented cell with a 
pressure transducer was shown in Fig. 1(2f). 

2.4. Reference performance test (RPT) 

The electrochemical performance of the instrumented cells was 
verified using a reference performance test (RPT). In order to identify 
the occurrence of any detrimental effect of the instrumentation process 
on cell performance, discharge capacity and DC internal resistance 
(DCIR) were measured at each instrumentation stage, as defined in our 
previous article [6]. These were (i) on the pristine condition before any 
cell modification, (ii) after the cells were engineered, and (iii) after as
sembly of sensor and resealing. This performance characterisation pro
cedure comprised a constant-current – constant-voltage (CC-CV) 
measure of energy capacity at current magnitudes of 1C and C/10. The 
constant-voltage occurred at 4.2 V until the value of current reduced 
below C/20. The power capability was evaluated through the sequence 
of pulse discharges, in which current magnitudes of 2C and C/2 were 
applied for 10 s at SOC levels of 100%, 80%, 50% and 20%. The RPT 
testing profile is shown in Fig. 1(3b). 

During the 3rd stage of the performance characterisation tests, gas 
pressure changes inside the instrumented cells were monitored to 
observe the relationship between SOC and gas pressure. Pressure data 
from digital transducers was logged using the manufacturer’s bespoke 
data logging software (Omega Digital Transducer Application) at a 
sample frequency of 10 kHz. All performance characterisation experi
ments were performed inside a climate chamber set to 25 ◦C, and prior to 
each testing, the cells were placed in the chamber for 2 h to allow them 
to reach thermal equilibrium. 

2.5. Cycling 

The potential for the instrumented cells to generate higher gas 
pressure during ageing was investigated by ageing the LIBs through 
continuous electrical loading. The cells were repeatedly electrically 
loaded for 100 cycles, and gas pressure changes inside the cells moni
tored. Additionally, the reduction in retained energy capacity and 
change in DC internal resistance (DCIR) of the instrumented cells was 
quantified via an RPT, which was repeated after the 20th, 40th, 60th, 
80th and 100th cycles. These values were compared with the reference 
cells’ from our previously published study [6] to investigate the relative 
degradation characteristics and if there is any difference in ageing due to 
the instrumentation process. 
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During ageing, charge and discharge rates of C/3 and 1C were 
employed respectively. All instrumented cells were charged to the upper 
voltage limits of 4.2 V using a CC-CV procedure. The CV stage was 
terminated when the applied current reduced below C/20. During dis
charging stage, a CC current was applied to the cells until a lower cut-off 
voltage of 2.5 V was reached. A duration of 1s was allowed between each 
charge-discharge cycle. The cycling profile was applied to the instru
mented cells is shown in Fig. 1(3a). All ageing cycling and RPT were 
conducted inside the climate chamber set to 25 ◦C. 

After ageing cycling was completed, all instrumented cells were kept 
at no-load during the period of 120 h inside climatic chamber at the 
same environmental conditions (25 ◦C) to observe any irreversible 
changes in gas pressure. 

2.6. Temperature profiles 

Before understanding in-operando gas pressure changes, the influ
ence of temperature on gas pressure inside the cells were investigated 
using temperature profile testing. The volume changes were considered 
negligible for cylindrical cells during cell cycling due to the rigidity of 
the cell structure. Thus, internal pressure inside the cell is expected to 
increase because of gas formation and the temperature rise, according to 
the ideal gas law given as: 

P×V = n × R × T (Eq. 1)  

where P is the absolute pressure of the gas, V is the gas volume, n is the 
amount of substance of gas or number of moles, R is the universal gas 
constant, 8.3145 J/mol K, and T is the absolute temperature of the gas. 
For the instrumented cells, the volume in (Eq. (1)) is calculated as the 
sum of the available volume inside the cell and pressure adaptor. 

During these validation tests, the instrumented cells were under 
open-circuit conditions while the ambient temperature was changed 
inside the climate chamber. The ambient temperature of the cells was set 
to different temperature levels where they were held constant for a 
period of 12 h. The ambient temperature (Tamb) was set in the order of 
25,35, 45,55,45,35,25,15,25 ◦ C as shown in Fig. 1(3c). Gas pressure 
changes inside the cells and surface temperature of the cells were 
monitored during temperature profile testing. 

3. Results and discussion 

3.1. Understanding pre-instrumentation gas pressure 

Fig. 2 illustrates the pressure increase inside cell-holding platform for 
each cell under test and the associated cell surface temperature 
measured during testing. From time t = 0, through to 15s, the pressure 
gradually increased due to the volume change during penetration 
movement, which is from the needle’s initial position to the later state 
that forms a small passage. Once the needle breaks through the negative 
terminal of the cell (at t = 15 s), a significant rise in the pressure was 
observed for all the cells. Since the volume change inside the cell was 
negligible during penetration testing, e.g., less than 1.15 mm3, this 
sudden change in pressure reading corresponds to the internal cell 
pressure, pre-instrumentation gas pressure. The pre-instrumentation 
pressure of Cell A, Cell B and Cell C are shown in Fig. 2 (a) as dfA, dfB 
and dfC respectively, and these measurements are tabulated in Table 1. 
This provides greater insight into the gas pressure created during for
mation cycles and post-manufacturing. As can be seen from the tabu
lated results, approximately 260 mbar gas pressure was observed after 
formation and post-manufacturing. 

3.2. Performance and degradation characteristics of instrumented cells 

Fig. 3(a) illustrates the effects of cell instrumentation on cell per
formance, in terms of discharge energy capacity measured from each 
RPT test during the instrumentation process. The median discharge ca
pacity of the three cells was found to be 4.806 Ah at the unmodified or 
pristine stage. A negligible capacity drop was observed after the cell 
modification and instrumentation stages. The discharge capacity of 
three modified and instrumented cells were found to be 4.793 Ah and 

Fig. 2. (a) Pressure inside the cell-holding platform and (b) cell surface temperature during penetration testing.  

Table 1 
Gas pressure at pre-instrumentation condition measured during the penetration 
testing.  

Cell Names Pre-Instrumentation Pressure 
(mbar) 

Cell Surface Temperature (◦С) 

Cell A 264.54 22.50 
Cell B 247.23 22.41 
Cell C 268.08 22.33  
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4.775 Ah respectively, which corresponds to a decrease of 0.27% and 
0.65% in the initial capacity. 

To understand the effect of cell modification (e.g., forming a tapped 
hole in the current collector), sensor insertion and sealing processes, the 
DCIR of all cells were obtained at a 2C pulse discharge test from RPT 
during the instrumentation process. Fig. 3(b) summarises the variations 
in measured DCIR at 100% 80% and 50% SOC. The median DCIR of the 
three cells was found to be 28.5 mΩ at 100% SOC, 25.8 mΩ at 80% SOC 
and 25.9 mΩ at 50% SOC for the pristine stage. A small increase was 
found in the DCIR values after cell modification and instrumentation. 
These results are consistent with those observed in our previous work 
[6]. The maximum increase in measured DCIR was observed as 0.5 mΩ 
at 100% SOC, 1.1 mΩ at 80% SOC and 0.4 mΩ at 50% SOC. During the 
cell modification process, an average 4.91 mm2 decrease in the surface 
area of the current collector, which was linked to the cell can, was 
observed. The decrease in the contact area was identified via computed 
tomography in our previously published article [6], and confirmed that 
it corresponds with the observed rise in DCIR. 

The consistency in the discharge capacity and DCIR values between 
pristine and instrumented cells indicates that the electrochemical per
formance of the cells has not been impacted by the cell modification, 
sensor insertion and sealing processes. Additionally, the similarities 
between the results published previously [6] and recent findings further 
reaffirm the repeatability of cell instrumentation procedure. 

The effect of cell instrumentation on ageing characteristics is sum
marised in Fig. 4. The relative reduction in energy capacity and the 
variation in DCIR of both instrumented and reference cells are shown in 
Fig. 4 (a) and Fig. 4 (b) over 100 cycles, respectively. For the instru
mented cells, the discharged capacity after instrumentation was 
considered as initial cell capacity (e.g., 100%), whereas the discharge 
capacity at pristine stage was used for the reference cells as described in 
[6]. The initial energy capacity of the instrumented and reference cells 
was 4.78 Ah and 4.83 Ah, respectively. As highlighted by Fig. 4 (a) the 
capacity fade was found to be 5.1%, 4.7% and 5.4% for the instrumented 
cells, Cell 1, Cell 2 and Cell 3 respectively, after 100 cycles. Conversely, 
this value was found to be 5.3% for the reference cells. The comparison 
of the capacity fade between the instrumented and reference cells in
dicates that the ageing characteristics of the cells has not been affected 
by the cell instrumentation procedure. Similar results were also 
observed from the variation of DCIR at 100% SOC over 100 cycles. Fig. 4 
(b) illustrates that the median DCIR of reference cells has increased by 
3.1 mΩ after 100 cycles due to cell ageing. For the instrumented cells, 
this increase in the DCIR was found to be 2.9 mΩ for Cell 1 and 2.7 mΩ 
for Cell 2 and Cell 3. However, a noticeable difference in DCIR values was 
observed between instrumented and reference cells at the beginning of 
the cycling, as 1.3 mΩ for Cell 1 and Cell 2, and 1.5 mΩ for Cell 3. 

Fig. 3. (a) Energy capacity and (b) DC internal resistance changes at each cell instrumentation stage.  

Fig. 4. (a) Energy capacity and (b) DC internal resistance changes of pressure sensor instrumented cells during 100 cycles.  
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3.3. Gas pressure changes dependent on SOC (%) 

The influence of the SOC (%) on gas pressure inside the cells was 
investigated. The pressure measurements were taken for several SOC 
levels and different ageing conditions during the charging and dis
charging processes as defined earlier. Fig. 5 illustrates the gas pressure 
variation dependent on SOC. The variation in gas pressure (ΔP) at 
different SOC levels was calculated against the pressure measured at 0% 
SOC. For the different ageing conditions, the results of the RPT tests that 
were performed after instrumentation, after 20 cycles, and after 100 
cycles were used for the analysis of pressure dependence a on the SOC. 
These conditions were named as ‘INS’,‘A20C′ and ‘A100C’ respectively, 
in Fig. 5. 

A nonlinear relationship between the gas pressure and SOC was 
observed during the charging and discharging processes. No significant 
pressure changes were observed during the charging process between 
0% SOC and 30% SOC. This was followed by different gradients of in
creases which were almost linear. The pressure growth between 30% 
and 90% SOC was much higher than that after 90% SOC. Conversely, the 
pressure changes during the discharge process had a different charac
teristic behaviour. A steady increase was observed from 0% SOC to 70% 
SOC for the cells after instrumentation, but this was extended to 90% 
SOC after the cells were aged with 100 cycles. After that, a drop of 25 
mbar was observed. 

As highlighted in Fig. 5 (a) and (b), the internal pressure was slightly 
increased when the cell is aged during the discharge process. This 
pressure rise was measured at nearly 10 mbar at lower SOC, e.g., less 
than 60% SOC during discharging. When the cells are aged, the 
maximum pressure increase was observed at 90% SOC. However, there 
was a small pressure accumulation due to ageing during the charging 
stage. e.g., less than 5 mbar comparing the pressure in A20C and A100C. 

3.4. Irreversible gas pressure accumulation during cell ageing 

Fig. 6 illustrates the gas pressure accumulation inside the cells during 
cell cycling. An increase of 50 mbar (peak) in the pressure was observed 
for all cells from the beginning of cycling. It is believed that this was 
caused by the elevated cell temperature due to the applied current 
during the charging and discharging processes. The monotonically 
increasing pressure is superimposed on a cyclic variation in pressure, of 
approximately 100 mbar, that follows the same profile as the excitation 
current. Other researchers have also found similar results in pressure 
built-up during cell cycling. For example, Schmitt et al. [18] found a 5 Pa 
of pressure rise at the beginning of the cycling with a bespoke prismatic 
cell and this was followed by an accumulative pressure pattern 

dependent on variations in cell temperature. However, a decrease of 40 
mbar in the pressure, compared to that is at discharging stage, was 
observed after each 20-cycle period. This illustrates the stages where the 
cycling was stopped to perform the RPT testing to better understand the 
performance and degradation characteristics of the instrumented cells, 
as discussed in Section 3.2. However, no significant change in the 
pressure inside the cells was observed during RPT testing. Thus, the gas 
pressure inside the cells remained during the 100 cycles even through 
the cycling has been repeatedly interrupted for the RPT characterisation. 

As highlighted in Fig. 6, the transient pressure measurements vary 
with the surface temperature changes during the charging and dis
charging periods (correlation between temperature and pressure is 
further discussed in Section 3.5). However, over the 100 cycles period, 
the mean value of the gas pressure increased, whereas the average 
temperature was essentially stable. Therefore, it is concluded that the 
variation in temperature cannot be the reason of the pressure rise during 
ageing. This is thought to be due to the accumulation of gas due to cell 
ageing. Comparing the gas pressure inside the cells before and after 100 
cycles, a notable pressure built-up was found to be 105 mbar, 114 mbar 
and 52 mbar for Cell 1, Cell 2 and Cell 3 respectively. 

Comparing the pressure accumulation inside the cells, a variation in 
the pressure behaviour of each individual cell was observed during the 
100 cycles. Even though all the cells were instrumented in identically 
same way and with the same environmental conditions, a pressure dif
ference of 9 mbar was observed between Cell 1 and Cell 2, whereas a 53- 
mbar difference was observed between Cell 1 and Cell 3. These are 
probably due to time differences between the instrumentation of each 
cell, further investigation of this phenomena is the subject of further 
work. 

The evaluation of the irreversible behaviour of gas pressure was 
validated with a long period of resting (120 h) after the cycling. As 
highlighted in Fig. 7, internal gas pressure was stable over the testing 
time of 120 h. A drop of 21 mbar, 16 mbar and 26 mbar in gas pressure 
was observed for Cell 1, Cell 2 and Cell 3 respectively. These results show 
that gas pressure accumulation inside the cylindrical cells is deemed to 
be irreversible and does not decay during periods of cell relaxation after 
extended operation. 

3.5. Gas pressure changes dependent on the ambient temperature 

Under no-load conditions, the effects of ambient temperature on the 
gas pressure were investigated to separate the gas pressure changes due 
to the influence of the temperature from other effects. Fig. 8 demon
strates the relationship between gas pressure and the cell surface tem
perature. According to the ideal gas law defined in (Eq. (1)), a linear 

Fig. 5. Internal gas pressure of instrumented cells with respect to 0% SOC during the processes of (a) charging with C/3 rate and (b) discharging with 1C rate at 
different ageing stages (INS, A20C and AC100C refer to after instrumentation, 20 cycles and 100 cycles, respectively). 
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dependence of gas pressure on temperature is expected during the 
temperature profile testing. For each temperature level, the gas pressure 
inside the cells was measured after a resting period of 12 h, where the 
pressure reached steady-state values. The measurement points are 
marked with a black arrow in Fig. 8(a). However, the pressure mea
surements have not reached equilibrium when the highest temperature 
level of 55◦С was applied to the cells. The underpinning reason by the 
gas pressure was unable to reach steady state when the ambient tem
perature was high is uncertain. Further work is required to quantify the 
time to reach equilibrium and how this value varies as a function 
ambient temperature, atmospheric pressure and the electrochemical 
composition of the cell’s electrode and electrolyte. 

The pressure changes (ΔP) due to ambient temperature between 
each temperature level was calculated, and the measurements are 
tabulated in Table 2. The results show that the rate of pressure increase 
or decrease varies between each temperature level even though the 
temperature on the cell surface was constantly increasing or decreasing 
10◦С (±0.65◦С). Comparing the rate of pressure increase or decrease, all 
cells have a nonlinear relationship with ambient temperature, which 
cannot be explained by solely a linear relationship between the two 

quantities from (Eq. (1)). Similar results were also found in other studies 
in the literature. Schmitt et al. also found that nonlinear behaviour be
tween the gas pressure and temperature during a thermal testing that 
was performed at open-circuit condition [18]. They also discovered the 
nonlinearity between the gas pressure and temperature increases with 
increasing levels of cell aging. This was attributed to the irreversible 
electrode swelling, resulting in a higher sensitivity to pressure or tem
perature changes [18]. However, the gas pressure increase depending on 
temperature was found to be reversible for both studies. 

4. Further work 

Further work is required to extend this research into instrumented 
cells to cover the advanced characterisation of cells and the possible 
deployment of instrumented cells within future battery systems for 
transport and intelligent stationary storage applications. 

It is noteworthy that the aim of this initial study was to develop the 
underpinning methodology to measure internal gas pressure within the 
cell as a precursor to further work investigating how the accumulation of 
gas pressure varies as a function battery SOH and in particular if there is 

Fig. 6. (a) Internal gas pressure and (b) cell surface temperature changes over 100 cycles.  

Fig. 7. The variation in (a) internal gas pressure and (b) surface temperature during 120 h resting after 100 cycles.  
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any corelation with specific degradation modes, often defined in the 
literature as a loss of active material (LAM) or Loss of Lithium Inventory 
(LLI) [1]. 

Our initial results highlighted a variation in pressure accumulation 
between instrumented cells. These are probably due to time differences 
between the instrumentation of each cell. Further research is required to 
investigate the environmental effects on the instrumentation process. 
This is important to understand given the minor changes in gas pressure 
that have been observed during cell operation. Authors have confidence 
in the validity of the experimental results presented. We aim to continue 
our instrumented cell development, increasing the sample size of cells 
evaluated. This will be achieved through the automated low volume 
manufacturing of instrumented cells, to strengthen our statistical evi
dence and experimental repeatability. 

The transferability of this in-operando monitoring method to 
different types of pressure sensors, cell formats, other chemistries and 
environmental conditions is also under investigation. Of particular in
terest is to better understand the correlation between gas accumulation 
and pressure variation for different cathode materials (e.g., Nickel 
Manganese Cobalt NMC vs Lithium Iron Phosphate) and electrolyte 
compositions. This could provide insightful data to better understand 
the correlation between gas pressure accumulation and SOH or battery 
safety. Moreover, further research will be to investigate the gas pressure 
inside the cell under abuse conditions and variations in atmospheric 
pressure. However, this will change the sensor and fitting design to 
integrate our in-situ monitoring method for thermal runaway condi
tions. Further research is required to assess the suitability of the sensors 
and cell engineering/sealing techniques when quantifying cell perfor
mance under extreme use cases, such as overcharge, undercharge, 
higher ambient temperatures or mechanical excitation. 

In addition to the use of instrumented cells for advanced battery 
characterisation, the data presented will support future innovations in 
the parameterisation and validation of electrochemical models that aim 
to corelate the voltage response, heat generation and ageing within the 
cell to its internal structure, and the changes in material composition 
associated with both operation and storage. 

5. Conclusion 

Our systematic and rigorous methodology for cell modification, 
instrumentation and verification process [6] has been implemented to 
monitor the internal gas pressure changes during cell operation and 
ageing. We have evaluated the internal gas pressure due to formation 
cycles and post-manufacturing via a novel method of penetration 
testing. Our experimental results demonstrate that the performance and 
degradation characteristic of the lithium-ion cells are not adversely 
affected by instrumentation. The effect of SOC, degradation and tem
perature on gas pressure inside the cells was evaluated in this study. The 
results highlight, a nonlinear relationship between gas pressure and the 
SOC (%) levels during charging and discharging. Trends were obtained 
for the internal pressure changes dependent on SOC (%) increase during 
the charge and discharge processes, respectively. The internal pressure 
reached its highest value between 90% and 100% SOC for all cells 
during the charging stage, whereas that was between 90% and 70% SOC 
during discharging. Regarding the temperature correlation with the 
internal gas pressure, the nonlinearity between gas pressure and the 
temperature was quantified. This has become noticeable at higher 
ambient temperatures during temperature profile testing under no-load 
cell conditions. During the period of 100 cycles, we observed an irre
versible pressure built-up inside the cells. The evaluation of the 

Fig. 8. (a) Internal gas pressure changes of the instrumented cells during (b) temperature profile testing.  

Table 2 
Increase in gas pressure during temperature profile testing (positive values in the table indicate the pressure increases whereas negative values are shown the pressure 
decreases).  

ΔP (mbar) Temp. (◦С) 

25◦С → 35◦С 35◦С → 45◦С 45◦С → 55◦С 55◦С → 45◦С 45◦С → 35◦С 35◦С → 25◦С 25◦С → 15◦С 15◦С → 25◦С 

Cell 1 +90.83 +108.35 +168.27 − 124.31 − 115.04 − 98.82 − 82.58 +88.80 
Cell 2 +92.16 +110.81 +158.26 − 122.06 − 115.01 − 98.22 − 84.70 +81.36 
Cell 3 +84.62 +102.82 +168.43 − 126.39 − 112.40 − 95.05 − 76.46 +74.57  
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irreversible behaviour of gas pressure was validated with a long period 
of resting (120 h) after the cycling. Our study highlights the importance 
of monitoring gas pressure during cell operation. Gas pressure could be 
employed as another indicator for the advanced characterisation of 
battery safety and degradation. Plus, in-situ gas pressure could be 
employed for enhanced battery diagnostics, and for developing elec
trochemical models to estimate the SOC and SOH of the LIBs for 
advanced monitoring and BMS control systems. 
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