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Pool boiling cooling offers strong potential for lithium-ion battery thermal management due to its high-efficiency
phase-change heat transfer. However, most existing studies are limited to atmospheric pressure, and the coupled
effects of pressure on thermal behaviour, battery lifetime, and economic performance remain unclear. In this
study, a thermo-lifetime-economic coupling model is developed and experimentally validated through pressure-
controlled pool boiling cooling of a battery module over a pressure range of 20-100 kPa. The results show that
pool boiling significantly outperforms natural air-cooling, reducing the maximum temperature from 88.8 °C to
45.6 °C (48.6%) and the temperature difference from 9.3 °C to 3.1 °C (66.7%) at 2.5C. Further pressure reduction
enhances thermal performance by lowering the saturation temperature and promoting earlier nucleate boiling.
When the pressure decreases from 100 kPa to 20 kPa, the maximum temperature and temperature difference are
further reduced by 26.3% and 38.7%, respectively, leading to a lifetime improvement of up to 65.1%. However,
this improvement is accompanied by a substantial increase in auxiliary power consumption, which rises by more
than 14.6 times, resulting in a strong thermo-economic trade-off with diminishing returns at low pressures.
Furthermore, system scale critically affects economic feasibility. Pressure reduction increases cost at small scales
but becomes favourable beyond a critical scale due to the growing contribution of lifetime-related cost. These
results show that pressure regulation can improve pool boiling battery cooling, but the operating pressure should
balance thermal performance, lifetime, and energy consumption.

1. Introduction

Under high C-rate charge and discharge conditions, effective thermal
management of lithium-ion battery modules is critical to ensuring
operational safety, maintaining electrochemical performance, and
extending service life [1,2]. Such operating conditions are commonly
encountered in heavy-duty electric trucks, construction machinery, and
track-oriented vehicles. In these systems, battery modules often operate
under sustained high load conditions, which can readily lead to heat
accumulation [3,4]. If the generated heat is not removed in a timely and
effective manner, batteries may experience excessively high operating
temperatures and pronounced temperature non-uniformity. Elevated
temperatures and the associated thermal gradients not only accelerate
battery ageing and degrade electrochemical performance, but also
substantially increase safety risks [5]. Under sustained high-load con-
ditions, conventional single-phase cooling strategies may approach their
thermal management limits. Consequently, advanced battery thermal
management systems capable of achieving efficient heat dissipation
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under high heat flux conditions while maintaining good temperature
uniformity have become a major focus of current research.

In recent years, immersion cooling technologies based on phase-
change heat transfer have been widely regarded as a highly promising
high-performance solution for battery thermal management [6,7].
Compared with conventional single-phase cooling approaches such as
natural convection and forced convection, two-phase cooling can exploit
the latent heat associated with phase change, thereby achieving signif-
icantly higher heat transfer coefficients and reduced temperature dif-
ferences. Pool boiling cooling is characterised by low wall superheat,
high heat transfer efficiency, and great temperature uniformity [8,9]. It
is well suited to the thermal management of battery modules operating
under high heat load conditions. Existing studies have demonstrated
that pool boiling can effectively suppress peak battery temperatures and
offers clear advantages over single-phase cooling strategies in improving
temperature uniformity [10-12].

Despite the demonstrated advantages of pool boiling cooling in
battery thermal management, there remains considerable scope for
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further improvement. The enhancement of pool boiling heat transfer
performance has been mainly investigated through modifications of
boiling surface characteristics, structural design, and external distur-
bances [13,14]. In addition, structural enhancement strategies devel-
oped for single-phase battery thermal management systems have also
demonstrated considerable potential for improving heat transfer per-
formance. Qi et al. [15] reported that liquid-cooling plate channels
embedded with non-uniform spiral fin structures can significantly
enhance heat transfer and improve temperature uniformity. Lyu [16]
demonstrated that increasing the surface roughness of battery can pro-
mote bubble nucleation and detachment, thereby reducing the temper-
ature difference during charge and discharge to approximately
2.7-2.9 °C. Williams [17] enhanced bubble interactions and fluid dis-
turbances between adjacent cells by reducing the battery spacing. It
leads to a slight reduction in battery temperature and an improvement in
thermal uniformity within the battery module. In addition, Kim [18]
found that promoting bubble detachment and liquid renewal through
the introduction of structural motion can effectively enhance the pool
boiling heat transfer. These approaches not only increase system
complexity and manufacturing cost but also limit their general appli-
cability and engineering feasibility in practical battery systems. By
contrast, regulating the pool boiling from the system operating condi-
tions remains a relatively less explored yet promising approach for heat
transfer enhancement. From the heat transfer mechanism perspective,
system pressure plays a crucial role in governing the pool boiling [19].
Reducing the system pressure markedly lowers the saturation temper-
ature of the working fluid, enabling boiling to be initiated at lower wall
temperatures. It can promote the earlier onset of nucleate boiling and
enhances pool boiling heat transfer. Recent studies have further high-
lighted the important role of pressure in pool boiling heat transfer. Kim
et al. [20] comprehensively reviewed recent advances in pool boiling
under different pressure and subcooling conditions, emphasizing the
significant influence of operating pressure on bubble dynamics and heat
transfer performance. Yu et al. [21] experimentally demonstrated that
liquid static pressure strongly affects the critical heat flux characteristics
of dielectric fluid Novec 7100 under low-pressure boiling conditions. He
et al. [22] investigated vapor bubble growth behaviour over a wide
pressure range and revealed the strong dependence of bubble dynamics
on system pressure. These studies have primarily focused on funda-
mental boiling mechanisms and heat transfer characteristics. However,
the application of pressure regulation as an active thermal management
strategy for lithium-ion battery systems remains largely unexplored. In
particular, a systematic understanding of how pressure affects the
overall thermal response and temperature uniformity of battery modules
is still lacking. As summarised in Table 1, existing studies have mainly
focused on thermal performance enhancement through pool boiling or
immersion cooling technologies.

In addition to thermal performance, the pool boiling cooling systems
is closely associated with battery degradation and system-level energy
consumption [30,31]. Lower operating temperatures can significantly
extend battery lifetime, while pressure regulation introduces additional
auxiliary energy demand [32,33]. Therefore, pressure control may
simultaneously influence thermal behaviour, lifetime performance, and
economic cost. However, most existing studies focus primarily on heat
transfer enhancement, with limited attention paid to the coupled ther-
mo-lifetime-economic effects and their implications for system design.
In particular, the role of system scale in determining economic feasi-
bility remains largely unexplored. In response to these gaps, this study
presents a systematic investigation of pressure-regulated pool boiling
cooling for lithium-ion battery modules, with particular emphasis on the
coupled effects of pressure on thermal performance, battery lifetime,
and economic feasibility. Fig. 1 illustrates the overall workflow of the
proposed thermo-lifetime-economic framework. A pressure-controlled
pool boiling cooling system was developed and experimentally evalu-
ated over a wide pressure range of 20-100 kPa. The thermal responses of
the battery module under different operating pressures were

Table 1
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Comparison of representative immersion cooling studies for lithium-ion battery

thermal management.

Ref. Battery Coolant Key findings Limitations

Van Gils Li-ion Boiling Demonstrated the Focused on
et al. battery coolant feasibility of boiling  single-cell
[23] heat transfer for thermal
(2014) battery thermal performance; no

management and module-level
achieved effective assessment.
temperature

control.

Al-Zareer High- Dielectric Proposed a boiling- Limited analysis
et al. power fluid based BTMS capable  of boiling control
[24] Li-ion of maintaining parameters and
(2017) battery acceptable battery economic

pack temperatures under performance.
high-power
operation.

Jithinand  Li-ion Various Compared dielectric ~ Investigated
Rajesh battery dielectric coolants and single-phase
[25] module fluids demonstrated the immersion
(2022) importance of cooling only.

coolant properties
on immersion
cooling
performance.

Wang Li-ion Dielectric Experimentally Focused
et al. battery fluid demonstrated the primarily on
[12] module effectiveness of two-  thermal
(2023) phase immersion performance.

cooling in reducing
battery
temperature.

Li et al. 18,650 Fluorinated Improved Atmospheric-
[26] battery liquid temperature pressure
(2023) pack uniformity and operation only.

suppressed peak
battery
temperature.

Williams Four- Dielectric Experimentally No pressure
et al. cell fluid validated liquid regulation
[17] battery immersion cooling considered.
(2024) module and enhanced

module thermal
uniformity.

Li et al. 4680 Dielectric Demonstrated Thermal
[27] battery fluid effective thermal performance
(2024) management of only; no lifetime

large-format analysis.
batteries using two-

phase immersion

cooling.

Lyu et al. Li-ion Dielectric Surface Requires surface
[16] battery fluid microtopography modification and
(2025) promoted bubble manufacturing

nucleation and complexity.
enhanced boiling
heat transfer.

Jiang Li-ion Dielectric Proposed immersed Increased system
etal. battery fluid evaporation and cell ~ complexity.
[28] inversion strategy to
(2025) further improve

cooling efficiency.

Wang Li-ion Dielectric Investigated Did not consider

et al. battery fluid thermal behaviour pressure-
[29] module under sloshing controlled
(2025) excitation and boiling.
revealed dynamic
cooling
characteristics.

systematically characterised, and the underlying pressure-dependent
boiling heat transfer mechanisms were analysed. Furthermore, a ther-
mo-lifetime-economic coupling framework was established to quantify
the trade-offs among cooling enhancement, lifetime extension, and
auxiliary energy consumption. The influence of system scale on the
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Fig.1. Thermo-lifetime-economic framework for pressure-controlled boiling battery cooling.

economic performance of pressure-regulated cooling was also
investigated.

Compared with previous studies that primarily focused on thermal
performance under atmospheric conditions, this work extends the
evaluation of pool boiling battery thermal management beyond heat
transfer enhancement by incorporating battery degradation and eco-
nomic performance into a unified framework. The main contributions of
this study are summarised as follows:

(1) A pressure-regulated pool boiling battery thermal management
platform was developed and experimentally investigated over a pressure
range of 20-100 kPa.

(2) The effects of pressure on battery temperature evolution, tem-
perature uniformity, and boiling heat transfer behaviour were system-
atically quantified.

(3) A thermo-lifetime-economic coupling framework was estab-
lished to evaluate the combined impacts of pressure regulation on
thermal performance, battery degradation, and operating cost.

(4) The trade-offs between cooling enhancement and auxiliary en-
ergy consumption were revealed, and the influence of system scale on
the economic viability of pressure-regulated cooling was quantitatively
assessed.

2. Experimental setup and methodology
2.1. Battery module and experimental system

In this study, lithium-ion batteries (INR21700-50G) manufactured
by Samsung were selected. Its key specifications are listed in Table 2
[34].

The experimental battery module consisted of seven lithium-ion cells
connected in series in a clover-shaped arrangement, as illustrated in
Fig. 2. This configuration is representative of the typical characteristics
of compact battery modules [35]. Meanwhile, twenty-one K-type

Table 2
Key parameters of the lithium-ion battery.
Parameter Value
Battery model Samsung INR21700-50G

Battery format
Battery chemistry

21,700 cylindrical battery
NCA (LiNiCoAlO3)

Nominal capacity (mAh) 4900
Charge cut-off voltage (V) 4.20
Discharge cut-off voltage (V) 2.50

Maximum continuous discharge current (mA) 9800
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Fig. 2. Schematic of the battery module.

thermocouples were attached to the cell surfaces using thermally
conductive adhesive tape to monitor the temperature distribution dur-
ing the experiments.

The heat generation behaviour of the battery during discharge was
characterised through near-adiabatic temperature rise experiments on a
single battery. The battery and were placed inside a temperature-
controlled chamber (DHP-9022, RENUO Instrument Equipment Co.,
Ltd., China) to maintain a constant temperature throughout the exper-
iments. Constant-current discharge was performed using a TEC-80K
programmable DC electronic load (Shunda Electronics Co., Ltd.,
China). Thermal insulation materials were applied around the battery to
minimise heat exchange with the surrounding environment. The insu-
lation materials are polyurethane foam with a total thickness of
approximately 30 mm and a thermal conductivity of about 0.03
W-m-1.K-!. Three K-type thermocouples (Omega Engineering Inc., USA)
were attached to the battery surface to monitor temperature variations
in real time, and the temperature-time data were recorded using a data
acquisition system. The experimental setup is shown in Fig. 3.

The battery module was fully immersed in a sealed immersion
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Fig. 3. Schematic of the quasi-adiabatic temperature rise setup.

cooling chamber filled with a dielectric coolant. KEY-116 (Zhongke
Micro New Materials Co., Ltd., China). was selected as the working fluid
because its thermophysical and dielectric properties are well suited for
battery immersion cooling. Compared with many conventional fluori-
nated dielectric fluids, KEY-116 possesses a moderate boiling point (65
°C), low viscosity, high electrical insulation capability, good chemical
stability, and non-flammability, which facilitate efficient boiling heat
transfer while ensuring electrical safety [36]. The thermophysical
properties are summarised in Table 3.

The pool boiling cooling system integrates pressure, liquid level, and
temperature regulation functions. It includes a chamber, a pressure
regulation system, a temperature regulation system, a liquid replenish-
ment and recovery system, and a data acquisition and control system.
The chamber was lined with thermal insulation and used to accommo-
date the battery module and coolant. It provided a sealed experimental
environment to minimise heat exchange with the surroundings and
maintain system pressure stability. Consequently, the heat loss to the
ambient environment was expected to be relatively small compared with
the battery heat generation, and a near-adiabatic assumption was
adopted in the present analysis. The pressure regulation system was
employed to adjust and maintain the internal pressure of the chamber.
Precise pressure control was achieved using a vacuum pump (Feiyue
Vacuum Pump Co., Ltd., China), a pressure sensor (VIDAS Co., Ltd.,
China), and a pressure buffer tank. The operating pressure range was
20-100 kPa. The temperature regulation system was implemented using
heating elements and temperature sensors to control the initial tem-
perature of the coolant. It was also used to ensure temperature unifor-
mity, thereby maintaining consistent experimental conditions under
different operating cases. To enable visual observation of the boiling
process, a high-speed imaging system (Revealer Co., Ltd., China) was
installed alongside the boiling chamber to capture bubble dynamics
under different operating conditions. A schematic diagram and photo-
graph of the entire pool boiling battery module cooling test rig are
presented in Fig. 4.

Table 3
Physical and thermophysical properties of KEY-116.
Property Value Property Value
Boiling point 65 °C Thermal conductivity 0.065 W/
mK
Dynamic viscosity 0.524 cp Dielectric constant 1.88
(25°C)
Vapor pressure 0.404 bar Density 1.65 g/cc
(25°C)
Specific heat capacity 1.013 kJ/kg°C Latent heat of 88.0 kJ/kg
vaporization
Thermal expansion 0.0011 cm®/ Surface tension 14 dyne/
coefficient em®C cm

2.2. Experimental conditions and test procedure

Temperature rise experiments were conducted on a single battery
under near-adiabatic conditions to characterize the temperature evolu-
tion during discharge. Prior to testing, the battery was allowed to rest for
3 h at an ambient temperature of approximately 25 °C to ensure thermal
equilibrium between the battery and the surrounding environment.
During the experiments, constant-current discharge tests were per-
formed at discharge rates ranging from 1.0 C to 2.5 C. Throughout the
discharge process, the battery surface temperature was continuously
recorded using a data acquisition system to obtain temperature-time
data under different operating conditions.

For the pool boiling cooling experiments, the battery module was
first charged to the cut-off voltage and subsequently allowed to rest
under ambient conditions for 3 h to eliminate the influence of previous
charge-discharge history on the initial thermal state. Subsequently, the
boiling chamber was filled with approximately 4.3 L of KEY-116
dielectric coolant. A liquid-level stabilisation system was continuously
operated to maintain a constant coolant level throughout the experi-
ment. The coolant level was maintained approximately 10 mm above the
top surface of the battery module to ensure complete immersion under
all operating conditions. To minimise coolant loss during boiling, a
condenser and condensate recovery system were employed. The gener-
ated vapour was condensed and returned to the boiling chamber,
thereby maintaining a stable coolant inventory throughout the
experiments.

Following this, the temperature regulation system was activated to
adjust and maintain the coolant at the preset initial temperature. During
the temperature stabilisation stage, the coolant temperature fluctuation
was maintained within +0.5 °C of the target value. Once the coolant
temperature reached the target value, the pressure regulation system
was activated to control the chamber pressure within the desired range
of 20-100 kPa. The pressure control system consisted of a vacuum
pump, a pressure transducer, an electronic control valve, and a pressure
buffer tank. To improve pressure stability during pool boiling operation,
the pressure buffer tank was installed between the boiling chamber and
the vacuum pump. By increasing the effective system volume, the buffer
tank effectively damped transient pressure fluctuations caused by rapid
vapour generation, condensate reflux, and intermittent vacuum pump
operation, thereby reducing the direct influence of vacuum pumping on
the chamber pressure. During the experiments, the chamber pressure
was continuously monitored and automatically regulated through a
closed-loop control strategy. The pressure fluctuation was maintained
within +0.8 kPa of the target pressure throughout the experiments.

Prior to each discharge test, the system was maintained under the
prescribed temperature and pressure conditions for approximately 30
min to ensure a stable and uniform initial state of both the battery
module and the coolant. After completing the above preparatory pro-
cedures, the discharge experiments were initiated, with the battery
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(a) Schematic diagram of pool boiling battery module cooling test rig
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(b) Photograph of pool boiling battery module cooling system

Fig.4. Pool boiling battery module cooling system.

module operated at discharge rates ranging from 1.0 C to 2.5 C. During
the experiments, parameters including battery temperature, current,
voltage, and system pressure were continuously recorded using a data
acquisition system. Each operating condition was repeated three times
to verify the reproducibility of the experimental results.

2.3. Data processing

Under near-adiabatic conditions, the heat generated by the battery
during discharge is mainly converted into the temperature rise of the
battery itself, while heat exchange with the surrounding environment
can be neglected. According to the principle of energy conservation, the
instantaneous heat generation rate during discharge can be estimated
from the rate of temperature change, which can be expressed as:

dT
Qgen = me 5 @

where Qg denotes the instantaneous heat generation rate of the battery,
m is the battery mass, c, is the effective specific heat capacity of the
battery, and dT/dt is the temperature rise rate. This method has been
widely adopted in battery thermal characterisation under near-adiabatic
conditions, where the heat generated by the battery is assumed to be
primarily stored within the cell due to the negligible heat loss to the
surroundings during the short discharge period. Therefore, the heat
generation rate can be estimated directly from the measured battery
temperature rise.

At each time instant t, the temperatures measured at the twenty-one
locations on the battery module are denoted as T;(t)(i = 1,---,21). The
instantaneous maximum temperature is defined as:
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Tmax (t) = maX{Tl (t), T2 (t)7 ey T21 (t) } (2)

while the instantaneous temperature non-uniformity is defined as:

AT(t) = max{T;(t), - Ts(t) } — min{Ty (£), -, Tor (£) } (3)

The maximum battery temperature during a discharge process is
determined as:

Tmax = MaXTax(t) 4

t€(to tend]

The maximum temperature difference during discharge is defined as:

ATY = maxAT(t) )

t€(to tena]

The auxiliary energy consumption required for pressure regulation was
directly measured using an electricity meter during each discharge
experiment. Therefore, the auxiliary energy consumption was not esti-
mated from the rated power of the vacuum pump. For each pressure
condition, the cumulative electrical energy consumption of the pressure
regulation system was recorded over the entire discharge period. The
average auxiliary power was then calculated as:

_ Eaux
Lais

Paux (6)

where P, is the average auxiliary power, E, is the measured electrical
energy consumption of the pressure regulation system during the
discharge test, and tg;s is the total discharge duration.

To evaluate the system-level trade-off between thermal performance
enhancement and the associated energy cost, a cooling efficiency metric
is defined as:

y = Tmax.ref_f Tmax,vac (7)
Pvac

where Thaxref and Tmaxvac denote the maximum battery surface tem-

peratures under the reference pressure condition and sub-atmospheric

pressure condition, respectively.

2.4. Uncertainty analysis

The measurement uncertainty in this study mainly arises from the
temperature sensors, pressure sensor, electrical measurement devices,
battery test system, and data acquisition system. Calibrated K-type
thermocouples were used for battery surface temperature measure-
ments, with a manufacturer-specified accuracy of +0.5 °C within the
operating temperature range. The pressure inside the boiling chamber
was monitored using a calibrated pressure transducer with an accuracy
of +0.5 kPa. Electrical current and voltage were measured using a bat-
tery test system with accuracies better than +0.5 %, ensuring reliable
determination of the operating conditions during charge and discharge.

For a calculated variable Y = f(x1,x2,-+,Xn), the combined standard
uncertainty was evaluated using the root-sum-square method based on
the propagation of uncertainties [37]:

no (oY \?
Uy = Zi:l <a_xl_uxi) ®)

where uy is the combined standard uncertainty of Y, u,, is the standard
uncertainty of the measured variable x;, and 0Y/0x; is the sensitivity
coefficient of Y with respect to x;.

The heat generation rate of the battery was calculated from the near-
adiabatic temperature rise experiment. Its uncertainty was evaluated by
considering the uncertainties of battery mass, equivalent specific heat
capacity, temperature measurement, and temperature rise rate. The
expanded relative uncertainty of the calculated heat generation rate was
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estimated to be within +7.1%.The measurement uncertainties of the
main experimental parameters and instruments are summarised in
Table 4.

3. Thermo-lifetime-economic coupling model
3.1. Modelling assumptions

The proposed thermo-lifetime-economic model is established based
on a set of simplifying assumptions:

(1) An Arrhenius-type relation is adopted to describe temperature-
dependent ageing, with parameters selected from commonly re-
ported ranges in the literature.

(2) The maximum temperature Tyax is used to represent the domi-
nant thermal ageing effect.

(3) The maximum temperature difference AT,y is used to charac-
terise temperature non-uniformity within the battery module.

(4) The temperature difference penalty coefficient 1 is treated as an
empirical parameter.

(5) In the economic model, battery cost scales linearly with system
size, while auxiliary energy consumption is assumed independent
of scale within a certain range.

Therefore, the model outputs should be interpreted as relative in-
dicators, representing the comparative trends in thermal performance,
lifetime, and economic cost under different operating conditions.

3.2. Temperature-induced lifetime model

Battery degradation is strongly influenced by temperature, as many
ageing mechanisms are governed by thermally activated processes and
can be approximately described by Arrhenius-type behaviour [38,39]. In
this study, a simplified temperature-based lifetime metric is introduced
to evaluate the relative influence of different pressure conditions. It
should be noted that this model provides an approximate comparison
rather than an accurate prediction of absolute battery lifetime. The
maximum battery temperature under the 2.5C condition at 100 kPa is
selected as the reference temperature. Based on this, a relative lifetime
factor is defined as:

E, (1 1
wri=eoi (7)) ©

where AF; denotes the relative lifetime factor; E, is the apparent acti-
vation energy; R is the universal gas constant; T; is the characteristic
temperature and Ty is the reference temperature.

3.3. Temperature uniformity correction model

In addition to the maximum battery temperature, temperature non-
uniformity also has a significant impact on battery lifetime [40]. A
large temperature difference leads to inconsistent degradation rates
among batteries. This further accelerates overall performance

Table 4
Measurement uncertainty of the experimental system.

Parameter Instrument Uncertainty
Battery surface temperature K-type thermocouple +0.5°C
Chamber pressure Pressure transducer +0.5 kPa
Voltage Battery test system +0.5 %
Current Battery test system +0.5 %
Time Data acquisition system +0.1s
Heat generation rate Uncertainty propagation +7.1%
Pressure fluctuation during operation Pressure control system +0.8 kPa
Auxiliary energy consumption Electricity meter +0.5%
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degradation. A temperature difference correction term is therefore
introduced. A corrected lifetime index is then defined as:

E. (1 1\]1+pAT
BI, = iy (i L el 4
i~ exp {R <T,~ T,ef> } 11 AT,

where LBI; denotes the integrated lifetime benefit index; AT; is the
maximum temperature difference under the i-th operating condition;
AT, is the reference temperature difference and f is the temperature
difference penalty coefficient, taken as 0.04 [41].

(10

3.4. Equivalent lifetime model

The cycle life under the reference condition is assumed to be L. The
equivalent lifetime under different operating conditions can then be
expressed as:

Li = LBl L,y an

It should be noted that no long-term ageing tests were conducted in this
study. Therefore, the lifetime analysis is used as a relative evaluation
tool to assess the influence of different cooling conditions on battery
ageing behaviour, rather than to predict the absolute service lifetime of
the battery.

To evaluate the influence of parameter uncertainty on the lifetime
assessment, a sensitivity analysis was conducted by varying the
temperature-difference penalty coefficient (B) by +£20% from its base-
line value of 0.04. This coefficient is an empirical parameter adopted
from the literature and may vary depending on battery type and oper-
ating conditions.

3.5. Lifetime-informed economic model

The economic performance is closely related to battery degradation
and system energy consumption. In this study, a lifetime-based eco-
nomic assessment model is developed to evaluate the relative perfor-
mance of pool boiling and pressure-controlled pool boiling under
different pressure conditions. It should be noted that this model is based
on simplified assumptions and is intended for trend analysis rather than
an accurate prediction of actual economic performance. The unit life-
time cost is introduced as a metric for economic performance under
different operating conditions. It is defined as:

Cbattery

Ciife =
Leq

(12)

where Cpagery is the battery cost, and Leq is the equivalent lifetime ob-
tained from the proposed lifetime model. This metric reflects the cost per
effective service life of the battery.

In addition to lifetime-related cost, the auxiliary energy consumption
of the cooling system is considered. The auxiliary energy consumption
was directly measured using an electricity meter during operation under
different pressure conditions and was subsequently used for the eco-
nomic analysis. The corresponding auxiliary energy cost is expressed as:

Cenergy = LauxCe (13)

where Cenergy is the auxiliary energy cost, Eaux is measured auxiliary
electrical energy consumption during the discharge experiment, and c.
is the electricity price.

For pressure-controlled pool boiling, the additional energy con-
sumption associated with pressure regulation is included in Pgy,. This
mainly arises from the operation of vacuum pumps or pressure control
devices. Therefore, compared with conventional pool boiling, pressure-
controlled systems generally exhibit higher operational costs.

The total economic cost of a pressure-regulated pool boiling cooling
system can be expressed as:

Energy Conversion and Management 366 (2026) 121885

Ctotal = Clifetime + Cenergy + Ccapital + Cmaintenance (14)

where Ciifetimes Cenergys Ceapital, 8Nd Craintenance Tepresent the lifetime-
related cost, auxiliary energy cost, capital cost, and maintenance cost,
respectively.

In the present study, only Ciifetime and Cenergy Were quantitatively
evaluated, because they can be directly determined from the measured
thermal performance, relative lifetime index, and auxiliary energy
consumption. The capital and maintenance costs of the pressure-control
system were not included in the quantitative analysis, as the current
setup was designed for laboratory-scale experiments rather than cost-
optimised engineering deployment.

3.6. System-scale economic model

The economic analysis above is conducted at the experimental
module scale. However, battery thermal management systems typically
operate at much larger energy capacities [42]. It is therefore necessary
to evaluate the influence of system scale on economic performance. A
system scale factor s is introduced, defined as the ratio of the actual
system energy capacity to that of the experimental module. The battery
cost is assumed to scale linearly with system size, while the auxiliary
energy consumption is assumed to remain approximately independent
of system scale within a certain range. The total cost can be expressed as:
_ S Cba

L“e” + Copii @as)
i1

Gi(s)
where the first term SC"L& represents the lifetime-related cost. It in-
creases linearly with system scale. The second term C,,; represents the
operational cost. In this study, it is assumed to be independent of system
scale. The normalised total cost under different pressure conditions is
analysed as:

Ci(S)

Normalisedtotalcost =
Cro0(s)

(16)

4. Results and discussion

Fig. 5 shows the variation of the battery heat generation rate with
depth of discharge (DoD) at different discharge rates. The heat genera-
tion rate is initially high and gradually decreases as the discharge pro-
gresses. A slight increase appears in the later stage, which is mainly
attributed to the increase in internal resistance and the intensified
polarisation at high DoD. Meanwhile, the battery heat generation rate
increases significantly with increasing discharge rate, mainly because
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Fig.5. Heat generation rate versus DoD at different discharge rates.
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the larger discharge current enhances ohmic heat generation and in-
tensifies internal polarisation. At discharge rates of 0.5 C, 1.0 C, 1.5 C,
2.0 G, and 2.5 C, the average heat generation rates of the battery are
approximately 0.6 W, 1.5 W, 2.9 W, 4.3 W, and 6.8 W, respectively. This
result indicates that under high discharge rates, both ohmic heat and
polarisation heat within the battery increase significantly, leading to a
higher overall heat generation level. Therefore, effective control of the
heat generated by the battery under high-rate conditions is crucial for
maintaining temperature stability and ensuring system safety.

Fig. 6 compares the maximum temperature and maximum temper-
ature difference of the battery module over time under different
discharge rates for natural cooling and pool boiling cooling. Under
natural air-cooling conditions, the maximum temperature of the battery
module increases markedly with increasing discharge rate. At a
discharge rate of 2.5 C, the maximum temperature of the battery module
reached 88.8 °C at the end of discharge, with a corresponding maximum
temperature difference of 9.3 °C. This indicates that natural air cooling
is insufficient to dissipate the large amount of heat generated under
high-rate discharge conditions. In natural cooling, the battery module
mainly relies on heat conduction within the module and natural con-
vection between the battery surface and the surrounding air for heat
dissipation. Owing to the relatively low heat transfer coefficient of
natural convection, the continuously generated heat cannot be removed
in a timely manner, leading to progressive heat accumulation and a
rapid increase in battery temperature [43]. In addition, the weak in-
tensity of natural convection and the non-uniform cooling environment
around different battery locations limit heat redistribution within the
module. As a result, local heat accumulation is more likely to occur,
causing the maximum temperature difference to increase gradually
throughout the discharge process. By contrast, pool boiling cooling ex-
hibits a pronounced temperature suppression effect at the same
discharge rate. At 2.5 C, the maximum temperature at the end of
discharge was reduced to 45.6 °C, representing a decrease of 46.2 °C
compared with natural cooling, corresponding to a reduction of 48.6%.
In addition, the maximum temperature difference under pool boiling
cooling was only 3.1 °C at 2.5 C, corresponding to a reduction of 6.2 °C
compared with natural cooling, which represents a decrease of 66.7%.
The superior thermal performance of pool boiling cooling can be
attributed to the pool boiling heat transfer mechanism. During pool
boiling, bubble nucleation, growth, and departure occur on the heated
battery surface [44]. This process removes a large amount of heat
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through latent heat absorption and disturbs the thermal boundary layer
near the battery surface, promoting liquid replenishment and local
convective mixing. Consequently, both the absolute temperature rise
and the temperature non-uniformity of the battery module are effec-
tively suppressed.

As shown in Fig. 7, the saturation temperature of the coolant varies
significantly with system pressure. The saturation temperature increases
with increasing pressure, while reducing the pressure from 100 kPa to
20 kPa decreases the saturation temperature from 64.8 °C to 27.4 °C.
This indicates that pressure regulation can effectively modify the phase-
change temperature of the coolant. The pressure-dependent variation in
saturation temperature directly affects the wall superheat during pool
boiling. For a given battery surface temperature, reducing the system
pressure lowers the coolant saturation temperature, thereby increasing
the effective wall superheat. A higher wall superheat provides a stronger
thermodynamic driving force for bubble nucleation and promotes an
earlier transition from natural convection or weak nucleate boiling to
more active nucleate boiling. Previous studies have shown that this
transition plays an important role in improving boiling heat transfer
efficiency [23,45]. A commonly recommended operating temperature
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range for lithium-ion batteries, 20-40 °C, is also indicated in the figure
[46]. Within the pressure range of 20-50 kPa, the coolant saturation
temperature falls within the recommended operating temperature range
for lithium-ion batteries. This suggests that low-pressure operation en-
ables pool boiling to occur at relatively low battery surface tempera-
tures, allowing pool boiling heat transfer to participate earlier in the
cooling process. Therefore, the effectiveness of pressure regulation de-
pends strongly on the pressure-saturation temperature characteristics of
the working fluid, and different dielectric coolants may have different
optimal pressure ranges.

Fig. 8(a) illustrates the temporal evolution of the maximum tem-
perature of the battery module during 2.5 C discharge under different
system pressures. During discharge, the maximum temperature in-
creases continuously, but the temperature rise is significantly affected
by system pressure. At 100 kPa, the maximum temperature increases
most rapidly and reaches 45.6 °C at the end of discharge. As the pressure
decreases to 70 kPa and 50 kPa, the final maximum temperatures
decrease to 39.5 °C and 37.1 °C, respectively. When the pressure is
further reduced to 20 kPa, the maximum temperature decreases to 33.6
°C and remains within the recommended operating temperature range
for lithium-ion batteries. These results indicate that reducing system
pressure significantly enhances the temperature suppression capability
of pool boiling cooling for the battery module. This improvement is
mainly attributed to the pressure-dependent saturation temperature of
the coolant. A lower pressure reduces the coolant saturation tempera-
ture and increases the effective wall superheat, thereby strengthening
the thermodynamic driving force for bubble nucleation and promoting
the earlier onset of nucleate boiling [44]. Fig. 8(b) further presents the
variation in the temperature rise rate of the maximum temperature
under different pressures. At 100 kPa, the initial temperature rise rate is
the highest, indicating that the heat removal capability remains limited
before boiling-enhanced heat transfer is fully established. As discharge
proceeds, the temperature rise rate decreases markedly, suggesting a
gradual transition to boiling-enhanced heat transfer. Under lower-
pressure conditions, this decrease occurs earlier, indicating that
nucleate boiling is activated sooner. Therefore, pool boiling heat
transfer can participate in heat removal from an earlier stage of
discharge, effectively suppressing the sustained rapid increase in battery
temperature.

The variation in the maximum temperature difference of the battery
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module under different system pressures is shown in Fig. 9. Under all
pressure conditions, the maximum temperature difference increases
progressively with discharge time, but its growth rate is clearly affected
by system pressure. At 100 kPa, the maximum temperature difference
increases most rapidly and remains the highest throughout the discharge
process, reaching approximately 3.1 °C at the end of discharge. This is
mainly because the coolant saturation temperature is relatively high at
100 kPa, and effective nucleate boiling is not fully established during the
initial stage of discharge. Before boiling-enhanced heat transfer becomes
fully effective, heat removal mainly relies on single-phase convection
and heat conduction within the module. Therefore, local heat accumu-
lation is more likely to occur, leading to a rapid increase in the maximum
temperature difference. The maximum temperature difference continues
to increase during discharge, but its growth becomes progressively
slower. This indicates that the battery surface temperature gradually
reaches the condition required for pool boiling, and boiling heat transfer
begins to participate more effectively in heat removal. For local regions
with higher temperatures, the wall superheat is larger, making bubble
nucleation easier to activate and leading to more frequent bubble

-
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Fig. 9. Effect of system pressure on the maximum temperature difference.
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Fig. 8. Thermal behaviour of the battery module under different system pressures.
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growth and departure. The intensified bubble activity disturbs the
thermal boundary layer near the heated surface and promotes liquid
replenishment and local convective mixing, thereby improving the local
heat transfer efficiency in hotter regions [47]. Consequently, local hot
spots can be cooled more rapidly, and the further development of tem-
perature non-uniformity is suppressed. As the system pressure de-
creases, the maximum temperature difference of the battery module is
significantly reduced. At pressures of 70 kPa, 50 kPa, and 20 kPa, the
maximum temperature difference at the end of discharge decreases to
approximately 2.3 °C, 2.0 °C, and 1.9 °C, respectively. This improve-
ment can be attributed to the earlier involvement of boiling heat transfer
under reduced-pressure conditions, which strengthens local heat
removal in hotter regions and suppresses local hot-spot formation. As a
result, the temperature uniformity of the battery module is improved
[44].

Fig. 10 compares the maximum temperature and maximum tem-
perature difference of the battery module at the end of discharge under
different system pressures. When the system pressure is reduced from
100 kPa to 70 kPa, the maximum temperature decreases from 45.6 °C to
39.5 °C, corresponding to a reduction of approximately 13.8%. Further
decreasing the pressure to 50 kPa lowers the maximum temperature to
37.1 °C, representing a reduction of about 19.0%. When the pressure is
reduced to 20 kPa, the maximum temperature further decreases to 33.6
°C, giving an overall reduction of approximately 26.3%. The maximum
temperature difference also exhibits a clear dependence on system
pressure. It decreases from approximately 3.1 °C at 100 kPa to about 2.3
°C at 70 kPa, corresponding to a reduction of 25.8%. Further reductions
to approximately 2.0 °C and 1.9 °C are obtained at 50 kPa and 20 kPa,
respectively, giving an overall decrease of approximately 38.7%. These
results indicate that, within the pressure range of 20-100 kPa, reducing
system pressure can simultaneously suppress the peak temperature and
improve the temperature uniformity of the battery module. However,
the improvements in maximum temperature and maximum temperature
difference do not increase linearly with decreasing pressure. This trend
is particularly evident in the low-pressure range, where the further
reduction in maximum temperature difference becomes less pro-
nounced. This suggests that the enhancement of pool boiling heat
transfer may exhibit diminishing marginal benefits under lower-
pressure conditions. Therefore, the pressure-regulated cooling strategy
should not be evaluated solely based on the lowest achievable battery
temperature, but should also consider the balance among thermal per-
formance improvement, boiling behaviour, and the additional energy
consumption required for pressure regulation.

To further explain the non-linear thermal response observed in
Fig. 10, Fig. 11 compares the boiling behaviour at the end of 2.5 C
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discharge, when the battery module reached its maximum temperature.
The four images reveal a clear transition in the near-surface boiling
behaviour as the system pressure decreases. Under 100 kPa, no distinct
bubble generation can be identified near the battery surface. The weak
streak-like structures are mainly associated with thermal plumes
induced by natural convection and refractive-index variations caused by
local temperature gradients, indicating that boiling heat transfer is not
clearly activated. When the pressure is reduced to 70 kPa, isolated fine
bubbles start to appear near the heated surface, suggesting the onset of
weak nucleate boiling. A further decrease to 50 kPa leads to a much
denser distribution of small bubbles, together with stronger liquid
disturbance around the battery surface. This indicates that bubble
nucleation and departure become more active, which enhances liquid
renewal and local boiling heat transfer. The most intensive bubble ac-
tivity is observed at 20 kPa, where fine bubbles are densely distributed
near the heated surface. Although this stronger boiling activity con-
tributes to heat removal, excessive bubble accumulation and local
bubble interaction may restrict liquid replenishment and reduce the
effective liquid—surface contact area. This provides a visual explanation
for the diminishing improvement in maximum temperature and
maximum temperature difference observed in Fig. 10 when the pressure
is further reduced.

Fig. 12 presents the coupled thermo-lifetime-economic behaviour of
the battery module under different pressure conditions. As shown in
Fig. 12(a), the auxiliary power increases significantly with decreasing
pressure. When the pressure is reduced from 100 kPa to 70 kPa, the
auxiliary power increases from approximately 30.0 W to 108.8 W, cor-
responding to an increase of about 262.7 %. A further reduction to 50
kPa increases the power to approximately 172.0 W, representing an
increase of about 473.3 % relative to 100 kPa. When the pressure is
decreased to 20 kPa, the auxiliary power rises sharply to approximately
467.8 W, which is increased by approximately 14.6 times relative to 100
kPa. This indicates a strong sensitivity of energy consumption to pres-
sure reduction, particularly in the low-pressure regime. Fig. 12(b) shows
the variation of the normalised lifetime. Compared with the baseline at
100 kPa, the lifetime increases to approximately 1.3, 1.4, and 1.7 times
at 70, 50, and 20 kPa, corresponding to improvements of about 29.3 %,
43.4 %, and 65.1 %, respectively. This trend is consistent with the
reduction in maximum temperature and temperature difference
observed in Fig. 10. Fig. 12(c) shows the variation of cost composition
and total cost. The lifetime-related cost decreases from 0.0111 £/cycle at
100 kPa to 0.0086, 0.0077, and 0.0067 £/cycle at 70, 50, and 20 kPa,
corresponding to reductions of approximately 22.7 %, 30.3 %, and 39.5
%, respectively. In contrast, the operational cost increases from 0.0030
£/cycle at 100 kPa to 0.0107, 0.0170, and 0.0462 £/cycle, representing
increases of about 262.7 %, 473.3 %, and 1460.8 %, respectively. As a
result, the total cost increases from 0.0141 £/cycle at 100 kPa to 0.0193,
0.0247, and 0.0529 £/cycle at 70, 50, and 20 kPa, corresponding to
increases of approximately 37.4 %, 75.8 %, and 276.5 %, respectively.
The contribution of operational cost increases from about 21.1% at 100
kPa to approximately 55.6 %, 68.7 %, and 87.3 % at 70, 50, and 20 kPa,
respectively. This demonstrates a clear transition in the dominant cost
component. Overall, although reducing the system pressure effectively
improves thermal performance and extends battery lifetime, the asso-
ciated energy consumption increases disproportionately. In particular,
the lifetime improvement increases by up to 65.1 %, whereas the
operational energy cost increases by more than 14.6 times. This strong
asymmetry indicates diminishing economic returns with further pres-
sure reduction, especially in the low-pressure regime. The underlying
thermo-lifetime-economic coupling mechanism is illustrated in Fig. 12
(.

Fig. 13 shows the effect of system scale on the normalised total cost
under different pressure conditions. At small system scales, all pressure-
controlled conditions exhibit higher costs than the 100 kPa baseline. For
example, at s = 1, the relative cost is approximately 1.4, 1.8, and 3.8 for
70, 50, and 20 kPa, respectively. This indicates that the operational
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Fig.11. Visual observation of boiling behaviour under different system pressures.
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energy penalty dominates the economic performance at the
experimental-module scale. As the system scale increases, the relative
cost of pressure-controlled conditions decreases continuously. Ats = 2,
the cost reduces to approximately 1.1, 1.3, and 2.4 for 70, 50, and 20
kPa, respectively. This trend is attributed to the increasing contribution
of lifetime-related cost, which scales with system size, while the oper-
ational cost remains approximately constant. The critical scale can be
identified from the intersection with the baseline cost. The 70 kPa
condition reaches this threshold at approximately s = 3.1, followed by

11

the 50 kPa condition at s = 4.2. In contrast, the 20 kPa condition re-
quires a much larger scale, reaching the threshold at approximately s =
9.9. Beyond the critical scale, pressure-controlled operation becomes
economically favourable. For instance, at s = 5, the relative cost de-
creases to approximately 0.9 and 1.0 for 70 and 50 kPa, respectively,
while at s = 10, all pressure-controlled conditions approach or fall
below the baseline cost. These results demonstrate that the economic
feasibility of pressure-controlled pool boiling is strongly scale-
dependent. Moderate pressure reduction (70 kPa) becomes
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economically attractive at relatively small system scales, whereas
deeper pressure reduction requires significantly larger systems to offset
the associated energy penalty.

Table 5 presents the sensitivity analysis results obtained by varying
the temperature-difference penalty coefficient (§) by + 20%. Although
the absolute value of the lifetime benefit index changes slightly with g,
the relative ranking of different pressure conditions remains unchanged.
The 20 kPa condition consistently exhibits the highest lifetime benefit,
followed by 50 kPa, 70 kPa, and 100 kPa. The maximum deviation from
the baseline result is less than 1%, indicating that the proposed ther-
mo-lifetime-economic conclusions are robust with respect to reasonable
variations in the model parameter.

5. Limitations and Future Work

Although the effectiveness of the pressure-regulated pool boiling
cooling strategy has been demonstrated in this study, its large-scale
implementation and practical deployment still require further consid-
eration regarding coolant sustainability, material compatibility, and
long-term operational reliability.

First, coolant sustainability and environmental impact remain
important issues for practical immersion cooling applications. Although
KEY-116 exhibits favourable heat transfer and dielectric insulation
characteristics, the selection of dielectric coolants should consider not
only thermal management performance but also safety, environmental
impact, long-term stability, and regulatory constraints. Recent reviews
on immersion cooling for data centres, electric vehicles, battery thermal
management, and electronic components have highlighted that
dielectric-fluid selection should account for thermal performance,
electrical insulation, non-flammability, environmental impact, and
long-term deployment challenges [48-51]. Therefore, the development
and evaluation of dielectric coolants with lower environmental impacts
remain important directions for future research.

Second, material compatibility is another critical factor for the
practical implementation of immersion battery cooling systems. Battery
packs contain various metals, polymers, elastomers, sealing materials,
and adhesive components, and their long-term interaction with dielec-
tric coolants may affect system reliability. Recent reviews on Li-ion

Table 5
Sensitivity analysis of p.

Pressure (kPa) p = 0.032 (—20%) B = 0.040 (Baseline) p = 0.048 (+20%)

100 1.000 1.000 1.000
70 1.182 1.186 1.190
50 1.341 1.349 1.356
20 1.638 1.651 1.664
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battery immersion cooling have emphasised that coolant compatibility
with battery-pack materials and auxiliary components should be care-
fully evaluated before large-scale deployment [50,51]. In the present
experiments, no obvious material degradation, leakage, swelling, or
operational abnormality was observed for the KEY-116 coolant, the test
system, or the battery module during the experimental period. Never-
theless, the present study did not include long-term compatibility or
durability testing. Therefore, future work should include long-term
coolant stability assessment, material compatibility testing, and vali-
dation under repeated thermal cycling and practical operating
environments.

6. Conclusion

This study presents a systematic experimental investigation of
pressure-controlled pool boiling cooling for lithium-ion battery modules
and establishes a coupled thermo-lifetime-economic evaluation
framework. The main conclusions are summarised as follows:

(1) Pool boiling cooling significantly enhances the thermal perfor-
mance of the battery module compared with natural cooling. At 2.5 C,
the maximum temperature is reduced by 48.6%, while the maximum
temperature difference is decreased by 66.7%, demonstrating the su-
perior capability of pool boiling heat transfer in suppressing tempera-
ture rise and improving thermal uniformity.

(2) System pressure plays a dominant role in governing the boiling
behaviour by regulating the saturation temperature and wall superheat.
Reducing pressure promotes an earlier onset of nucleate boiling, thereby
enhancing heat transfer. As the pressure decreases from 100 kPa to 20
kPa, the maximum temperature and temperature difference are reduced
by 26.3% and 38.7%, respectively.

(3) The thermal enhancement exhibits a clear diminishing return
with further pressure reduction. For instance, the reduction in maximum
temperature difference decreases from 25.8% (100-70 kPa) to 13.0%
(70-50 kPa), and further to only 5.0% (50-20 kPa), indicating pro-
gressively smaller thermal gains in the low-pressure regime.

(4) A strong thermo-economic trade-off is identified. While reducing
pressure improves battery lifetime by up to 65.1%, the auxiliary energy
consumption increases disproportionately by more than 14.6 times. This
asymmetry reveals that excessive pressure reduction results in rapidly
increasing operating costs while providing limited additional thermal
benefits.

(5) The economic feasibility of pressure-controlled pool boiling
cooling is strongly dependent on system scale. Moderate pressure
reduction becomes economically favourable at relatively small scales,
whereas deeper pressure reduction requires significantly larger systems
to offset the additional energy consumption. These results highlight the
importance of considering both thermal performance and operating
costs when determining system operating conditions.

Overall, system pressure should be treated as a key operating
parameter in pressure-controlled pool boiling cooling systems. Within
the investigated conditions, an appropriate pressure range enables a
balanced trade-off between thermal performance, battery lifetime, and
operating cost. The proposed thermo-lifetime-economic coupling
framework provides an effective approach for evaluating the perfor-
mance of pressure-controlled pool boiling cooling under the studied
operating conditions. Future work will focus on the development of
dynamic pressure regulation strategies, validation under realistic
vehicle operating conditions, and the establishment of more compre-
hensive thermo-lifetime-economic models incorporating additional
operational and system-level factors.
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