Performance management of EV battery coupled with latent heat jacket at cell level
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ABSTRACT

This numerical study evaluates the cell level performance management of an Electric Vehicle (EV) battery with Latent Heat (LH) jacket (as passive cooling). In this regard, a battery cell is conjugated with Phase Change Material (PCM) is assessed under continuous cycles of discharging and re-charging. This study is validated with numerical and experimental data with less than 1 % deviation captured from literature for a Panasonic 18650PF Lithium-ion (Li-ion cell). The thermal and electrical performance of key parameters is assessed with and without the existence of a PCM under various climatic conditions including extreme winter -20 °C, winter 0 °C, ambient 25 °C, hot summer 40 °C, and extreme hot/desert 55 °C temperatures. In addition, the choice of PCMs and circumferential jacket thicknesses around the battery (1 mm, 3 mm, 5 mm, and 7 mm) is evaluated in terms of thermal performance for multiple discharge/charge cycles under safe manufacturer operating conditions. Initially the PCM is in a solid state and results indicate that the conjugated thermo-chemical and electrical system is stable whilst LH is active however once fully melted, Sensible Heat (SH) dominates. This study shows, passive cooling maintains the thermal performance of the battery cell for longer, i.e., a 3 mm jacketed PCM as passive cooling results in a 340 % thermal performance improvement in the number of consecutive discharge/charge cycles at ambient weather, 25 °C. At higher ambient temperatures (40 °C and 55 °C) improvement in thermal performances of up to 275 % and 440 % are achieved, respectively. At lower ambient temperatures at -20 °C and 0 °C thermals stability up to 162 % and 160 % with PCM respectively as opposed without for consecutive cycling. It is therefore concluded that efficient passive  management is a feasible approach in reducing the harmful effects of overheating, including thermal runaway, thus improving the safety and performance of the electrical energy storage system (EES) in Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVs). 
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		mushy zone constant ()		Greek symbols
		specific heat ()				thermal diffusivity 
		inner diameter (mm)				expansion coefficient ()
		outer diameter (mm)				dynamic viscosity ()
		friction factor [-]				small number
		Fourier Number [-]				density ()
g		gravity acceleration ()			constant density ()
h		sensible enthalpy )			non dimensional term
		reference enthalpy )			Electrical conductivity of the passive material (S/m)
H	total enthalpy ()				Electrochemical reaction heat due to electrochemical  
						reactions
k		thermal conductivity ()			Heat generation rate due to battery internal short-circuit
L		latent heat )				Heat generation due to the thermal runaway reactions under 
		Pressure 				the thermal abuse condition
SOC		State of Charge		
		source term
t		time (s)
T		temperature K
		Liquid temperature K
		operation temperature K
		inner surface temperature K
		solid temperature
		reference temperature K
		fluid velocity

1 Introduction

Renewable energy storage is becoming widely acceptable as an alternative source of energy storage and is a viable candidate in the application of zero emission vehicles such as HEVs and EVs. Increased energy demands and consumable resources have albeit dictated the main source of energy in the form of fossil fuels. Unfortunately, industrial processes that employ these sources, have negatively impacted our natural environment in the form of rising worldwide temperatures thus causing a surge in energy demand and rising heat generation. As a result of these global changes there is an ever increasing requirement for renewable energy sources to meet this demand and thus reduce/slow down the impact on our climate [1]. 
This study seeks to highlight these renewable energy resources in the form of EES [2-5] and Thermal Energy Storage [6-8], they have gained attention in their role of reducing the carbon emissions. Increased attention towards these types of “green” transport as outlined by Kim et al., [9] has driven the capitalization of EV and HEV production in recent years. 
According to Meunzel et al., [10], the rechargeable Li-ion battery with its small volume has received great interest due to its high energy density, long life cycles, low self-discharge rate, high voltage and chemical stability when compared with other rechargeable batteries. Studies have shown that when operated at standard ratings, the optimal battery performance is achieved [11]. Li-ion batteries are extremely sensitive to temperature, and it can have an impact on the battery life cycle, stability, and performance as well as operational safety [12-15]. According to [9-10,12-14], deviation from the optimum working temperatures can cause a reduction in the electrical as well as high temperatures causing thermal runaway and potential of fire and explosion. 
Even distribution of battery temperature has been found to aid in the thermal and electrical response of the battery [16-17]. Li-ion battery cells operate safely between the temperatures of 20 °C to 40 °C [18-19], this can vary slightly according to the manufacturer and battery type [10]. Fluctuations outside this optimum operating temperature range can cause two types of harmful effects namely: overheating and undercooling. Large temperature gradients from the effects of divergent surface temperature negatively affect the battery performance, therefore maintaining uniform temperature distribution across the battery would aid in its stability [18-20], commonly known as Battery Thermal Management Systems (BTMS) [16-17,21-22]. BTMS is usually focused on active cooling by using a variety of techniques and materials including air [19] and liquid cooling [23-24]. These techniques are required to maintain the optimum battery temperature however they increase the complexity of the EVs and HEVs. There is a significant increase in loading for driving (e.g., fan, pump) and delivering (e.g., channels, pipelines), a cooling medium to and from the batteries. Therefore, if passive cooling alone can provide the cooling capability in the batteries, the BTMS system will be much simpler and lighter, as unnecessary devices and equipment for driving and delivering active cooling medium will be eliminated from the system.
A comprehensive review of PCMs [25,26] of low (-20 °C  to 5 °C), medium-low (5 °C to 40 °C), medium (40 °C to 80 °C) and high (80 °C to 200 °C) temperatures were analysed on impact of applications. Medium-low and medium temperature PCMs are more directly related to electronic cooling as a heat sink and in some cases a heat source where the low thermal conductivity of the PCM becomes useful for maintaining stable operating temperatures for purely passive cooling [27]. Natural convection melting, volume, and cell-spacing between cell-scale models are all considerations alongside the thermal conductivity that affects the performance of PCMs as a cooling medium for the thermal management of batteries. These also include battery voltages and uniform temperature for experimental and numerical approaches involving multi-scale multi-dimensional physics models, [28-32]. 
Research has shown that coupled electrochemical battery and thermal PCM systems has stabilised the temperature [17-18,33-44]. In this instance, heat energy produced from the battery is readily absorbed by the PCM to store the energy as LH [24,41]. PCMs store LH during phase changing as the temperature increased and reached its liquidus temperature point. During this phase change, the temperature of the PCM remains constant, which are useful in thermal applications including free cooling, air conditioning (AC), passive cooling, heat recovery systems and solar energy storage systems [23,42-43]. 
One of the main parameters that influence the performance of the battery is the State of Charge (SOC) [45]. The SOC usually denoted as a percentage of the remaining capacity is constrained between its fully charged position at 100 % and the fully/deep discharged position at 0 % and as an approximation since the  State of Health (SoH) and the Remaining Useful Life (RUL) [46-47] should be considered. 
The focal point of this study is to evaluate the impact of passive cooling  on Panasonic 18650PF Li-ion battery cell (PCM cooling conjugated with an EES) under  various conditions with measured thermal and electrical indicators of performance (SOC, Temperature, and Power) applied in EVs and HEVs, which to the best of authors’ knowledge has not previously been investigated. This study focuses on two cases including a single battery cell (with and without PCM) which undergoes cycles of consecutive discharging and recharging under climatic conditions including extreme winter -20 °C, winter 0 °C, ambient 25 °C, hot summer 40 °C, and extreme hot/desert 55 °C temperatures . Notably, this study takes into consideration the safety concerns of these thermally reactive materials and to reduce the possibility of potential hazards such as fire and explosion. As such, temperature safety limits (charging 0 °C to 45 °C, discharging -20 °C to 60 °C) and voltage (2.5 V to 4.2 V) were imposed on all test cases as well as other constraints. Furthermore, an evaluation study on the effect of the PCM jacket thickness around the cell (1 mm, 3 mm, 5 mm, and 7 mm) is investigated to identify the significance of the volume of the storage system and to effectively reduce the added weight. The study also investigates a variation in PCM applicable to the change in ambient weather conditions. 
The structure of the study follows a numerical method detailing the models, mathematical and numerical approaches, assumptions and boundary conditions and verification including numerical (special grid, temporal, and mushy zone) and experimental results validation, results and discussion followed by conclusions.
2 Numerical Method
2.1 Models

	The schematic domains of the battery cell are displayed in Fig. 1 for a cylindrical 18650PF Panasonic Li-ion battery cell as well as the geometrical dimensions. Isometric, front, and side views show battery cell with and without a jacketed PCM. The outer walls both cases, with and without PCM, is set to be adiabatic and hence thermally unaffected from the environment. The dimensions show that the outer diameter and length of the active zone for this battery cell is 18 mm and 65 mm respectively, while the outer diameter and height of the tabs is 6.6 mm and 0.2 mm, respectively. 
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Fig. 1. Schematic of cylindrical 18650 battery cell displaying isometric, front, and side views for battery cell without PCM as well as the jacketed battery cell with PCM. 

2.2 Mathematical and numerical model approach

	For PCM modelling, an enthalpy-porosity formulation was used to solve the fluid flow equations for melting and solidification instead of tracking the melting/liquid-solid front [49-50]. In the cases where the volume of the cell is liquid, a quantity known as liquid fraction was used to correlate these cells based on enthalpy balance evaluated at every iteration. A “pseudo” porous zone known as the mushy zone, was quantified by the liquid fraction with minimum and maximum values of zero at solidification and 1 at melting, respectively. The values of the mushy zone region were associated to the porosity from solidification to fully melted, 0 to 1 and in the case where the full solidification of the material takes place, the porosity as well as velocity are null. Sink terms applied to momentum and turbulence were used to assess the phase change variation of the solid zones [51]. The thermophysical properties of the PCM and walls are listed in Table 1. 

The numerical approach for modelling the PCM zone for melting and solidification [41] relates to the  following: 

The energy equation is stated as:

							(1)

Where  is derived as the sum of sensible enthalpy, , and the latent heat, :

										(2)

								(3)

and latent heat, , is defined as:

										(4)

The liquid fraction, , is derived as 
; 					(5)

 is the source term derived from the momentum sink:

									(6)

 is a number equal to 0.001, to prevent an invalid result when divided by zero

 is the mushy zone constant between [24,41,];  was studied for melting process in this analysis (see 2.5.3)

Substituting the Eqns. {2}-{5} into Eq. {1} yields the energy equation as

					(7)

Substituting Eq. (6) into (7) gives the momentum equation:

				(8)
With the inclusion of the forces due to gravity, buoyancy driven flows known as natural convection flows are caused from the deviation in density due to temperature. The natural convection in this case occurs within an enclosed domain and so the Boussinesq Approximation is valid to initialise faster convergence for a reference density (constant) and temperature as shown:
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Which is a valid approximation when:
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Eq. (8) can be re-written as:

			(11)

The governing equation for continuity:

									(12)

The non dimensionless numbers  = DV, ,  and 			(13)

D = 2 (, the energy equation for the non-dimensionless terms are:

								(14)

where Fourier Number,  

The numerical approach for modelling the battery cell zone: 

A coupled thermal-electrical simulation is used to evaluate the heat generation rate for normal operation, the Multi-Scale Multi-Domain method (MSMD) is used. This method uses a multi-domain, multi-physics approach based on the problem definition where the distributed temperature is analysed along the battery length scale. 

The thermal and electrical fields are calculated using the following differential equations:

			(15)

Where  and  are the effective conductivities for the positive and negative electrodes,  and  are phase potentials for the positive and negative electrodes,  is the electrochemical reaction heat due to electrochemical reactions,  is the heat generation rate due to battery internal short-circuit and  is the heat generation due to the thermal runaway reactions under the thermal abuse condition. For normal operation and no internal short circuit,  and  are set to zero.
The Equivalent Circuit Model (ECM) in Fig. 2 replicates the battery electrical behaviour in an equivalent circuit and engages six parameters based on the work from [53] that monitors the electrical performance of the battery during cycles. 
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Fig. 2. Schematic of electric circuit corresponding to the ECM.
The electric circuit equations corresponding to the voltage-current correlation is given by:
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								(19)			
Where  is the battery cell voltage that can  obtained either from the circuit solution in in Fig. 2 using the Circuit Network solution method or calculated as  from the MSMD solution method. For a given battery, the open circuit voltage, resistors’ resistances, and capacitors’ capacitances are functions of the battery state of charge (SOC) and temperature. The functions are defined as fifth order polynomial forms (Equations 20 – 25) used for derivation of the coefficients of the discharging and recharging. 
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The source terms corresponding to Equation 15 are derived as:
									(26)
								(27)
Where  is the current, and  is the open circuit voltage.
















Table 1: Thermophysical properties of battery cell (active zone), PCMs and insulation walls [54-55].
	

	18650 Battery cell
	Pos Tab
	Neg Tab
	PCM 
(N-octadecane)
	PCM
(RT44HC)
	PCM
(Stearic acid) 
	Plexiglass 
(insulation)

	Density ()
	2092
	2719
	8978
	770
	700
	1150
	1190

	Cp (Specific Heat) ()
	678
	871
	381
	2196
	2000
	2830
	1470

	Thermal Conductivity ()
	18.2
	202.4
	387.6
	0.148
	0.2
	0.29
	0.19

	Viscosity ()
	
	
	
	0.003
	0.0033
	0.0078
	

	Thermal Expansion Coefficient ()
	
	
	
	0.00091
	0.00076
	0.0008
	

	Pure Solving Melting Heat ()
	
	
	
	243500
	250000
	186500
	

	Solidus Temperature (K)
	
	
	
	298.15
	314.15
	327.5
	

	Liquidus Temperature (K)
	
	
	
	302.15
	317.15
	337.1
	



2.3 Assumptions

To analyse the numerical models presented in Fig. 1, the following assumptions are made:
· The battery cell is initially fully charged
· All physical properties of the battery cell are constant
· A transient laminar fluid flow analysis applied for the discharging and recharging of the battery including viscous and incompressible flows
· Heat transfer in the battery cell is due to conduction
· ECM model parameters affecting the electrochemical and thermal properties of the battery are due to the discharging and charging coefficients for the fifth order polynomial form data type
· Gravitational acceleration of 9.81 m/s2 acts downward in the negative y-direction including Boussinesq approximation due to natural convection heat transfer and modelling of the PCM melting and solidification 
· Excluding density, all PCM properties are constant
· Molten PCM fluid flow is laminar, incompressible, and viscous.

2.4 Safety Constraints

Safety limits were imposed in this study that influenced the battery voltage and temperature during charging and discharging to prevent degradation of the battery, overcharging, thermal runaway, fire, and explosion. In that regard, following restrictions are imposed or battery charging and discharging in the simulations experimental work:
· Simulation cut-off voltage (Maximum/Minimum voltage limits)  is set to 4.2 V and 2.5 V, respectively. 
· Simulation cut-off temperature (maximum temperature limits) is set at 45 °C and 60 °C, respectively. I.E., in the simulation cut-off is imposed where any further increase in temperature will compromise the integrity of the battery leading to hazardous situations.
2.5 Initial and boundary conditions

To analyse the numerical models presented in Fig. 1, the following initial and boundary conditions are considered:
· Adiabatic (zero heat flux) outer circumferential walls applied for all models (outer battery walls and PCM walls for the cases with and without PCM) to prevent heat loss to the environment. In other words, the proposed systems are isolated
· Adiabatic (zero heat flux) walls applied to battery tabs
· Battery cell and PCM thermophysical properties and insulation material are listed in Table 1 
· Initial PCM temperature is set to solidus temperature for the models with PCM, and battery cell temperature set to ambient temperature specified (extreme winter weather -20 °C, winter weather 0 °C, ambient weather 25 °C, hot summer weather 40 °C, and extreme hot/desert weather 55 °C).

2.6 Verification study

2.6.1 Special grid independence study (mesh)

The special grid independence analysis ensures that the cases studied were independent of the grid sizes. An analysis of grid independence was performed using the meshing feature that created a structured meshing including quadrilateral cells results. The analysis compared the different grid sizes ranging between coarse, selected and fine defining larger to smaller cells, respectively. The comparison with and without PCM showed little deviation (less than 1 %) between the different grids. An adequate number of elements was chosen for the battery cell with (86877 elements) and (84801 elements) without PCM had high average Orthogonal Quality (greater than 0.95) and low Skewness (less than 0.25). 

2.6.2 Temporal independence study (time-step)

A temporal independency study (time-step) with the influence of the time-step size on the Temperature for the first discharge of the battery cell at an ambient temperature of 25 °C was performed  at fixed time-step size at 10 s, 50 s, 100 s (selected), and 150 s for the battery cell without PCM. For this case, the percentage deviation was less than 0.1 % for the selected time-step size of 100 s and was seen as sufficient to conduct the study. For the other case where the battery cell is jacketed with a PCM, a manual adaptive type of time-step size was used to achieve converged results. This ensured that the movement of the melting front and the mushy zone region was accurately captured to effectively evaluate the heat transfer effects due to conduction, convection, and natural convection.

2.6.3 Mushy zone constant independence study

The mesh independency study was performed to understand the impact of the mushy zone constant values,  from 1e4 to 1e8 on the melting of the PCM N-octadecane due to the thermal influence generated from the battery cell. In this case, the ambient battery temperature was 25 °C and was deep discharged at 1C rate. Results had little to no impact on the temperature as well as the PCM liquid fraction (approximately 1 %). This can be attributed to the small volume (5973 mm3) of PCM (3 mm circumferential diameter) used in this analysis, as larger volumes of PCM can significantly impact the natural convection [1]. It is during this phase of convection heat transfer which is associated with the rate at which the PCM melts. This study has only incorporated the melting phenomenon of the PCM and does not take the solidification into consideration. In solidification the  mushy zone constant would be overlooked since conduction heat transfer would be the dominant heat transfer mechanism. It is noted that ~ 65 % of the PCM was melted at the end of the first discharge, which indicates that the majority of the PCM was liquid with percentage deviation ~1 % for all cases compared to the selected case (1e5).

2.7 Computational model setup

	ANSYS Fluent 2021 R1 is used to numerically simulate all cases including discharging and recharging of the battery cell, as well as melting of the PCM using a pressure-based solver adequate for laminar viscous model flows. A transient time analysis was used with implemented Pressure Implicit Splitting Operator (PISO) scheme for the pressure-velocity coupling. Momentum and Energy equations were analysed using second order upwind, while for pressure, PRESTO! was used in the spatial discretization. The under-relaxation factors for pressure, density, momentum, energy, and liquid fraction were set to 0.3, 1, 0.7, 1 and 1, respectively. The convergence criteria were set to 1 micro for each timestep. 

[bookmark: _Toc69310446]3 Results and discussion

3.1 Validation

	Fig. 3A and B displays the results of the validation of PCM melting and battery cell discharge respectively, captured from literature [41,48,56-58] with less than 0.1 % deviation compared with the present study. Using the captured data for the Panasonic battery cell seen in [48], the coefficients of the fifth order polynomial form were calculated as seen in equations (20-25) and used as the inputs for the MSMD ECM model. Following the insertion of the assumptions and boundary conditions, the cell was discharged from an ambient temperature at 25 °C at a rate of 1C and heat transfer coefficient at 7 (W/m2K) with adiabatic outer walls. The PCM assessed in the validation case was N-eicosane [41] which showed close agreement with the melting of the PCM and the phase change over time. This PCM validation study is shown to predict the melting front movement with close accuracy and a similar analysis is conveyed in this present study with the most suitable PCM. 
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Fig. 3. Validation study results: A) Validation of the PCM melting for liquid fraction versus Fourier Number () for the present study compared with numerical data from literature [57,58]; B) Validation of the battery cell thermal analysis for Temperature (°C) versus Time (s) for the present study compared with numerical and experimental data from literature [48,56] at reference ambient temperature of
25 °C.
	
3.2 Coupled Thermo-chemical and electrical results

	The results of the combined thermo-chemical and electrical study of the battery cell in the presence and absence of PCM for the following investigations are presented in this section and sub-sections:
· Investigation on impact of PCM on the battery cell performance under charging and discharging cycles to ascertain its suitability to be considered as a thermal management system for battery cells.
· Investigation on impact of PCM circumferential thickness (1 mm, 3 mm, 5 mm, and 7 mm) on battery performance to determine the most appropriate size for thermal management of batteries. 
· Investigation on impact of ambient weather conditions on PCM effectiveness for the thermal performance of batteries to design batteries with a lengthened stability in the process of discharging and recharging cycles even in extreme weather conditions.

3.2.1 Impact of PCM on battery performance under charging and discharging cycles

	The objective of this study was to ascertain whether adding PCM as passive cooling is a suitable solution to enhance the battery performance under charging and discharging cycles. Results of the coupled thermo-electrochemical impact on the battery cell with jacketed PCM is displayed in Fig. 4. 
The results show the three indicators of battery performance used in this study namely, State of Charge (SOC), Temperature and Power at the initial temperature of 25 °C at the fully charged state. Fig. 4 (A) displays a zoomed image with the complete discharge at a rate of 1C of the battery from initial SOC at 1 for both cases of the battery cell with (shaded symbols) and without (unshaded symbols) PCM. From the initial fully charged position, the battery temperature increased linearly during the first discharge until it reached a temperature of approximately 48 °C (in the absence of PCM). It must be noted that the safe operating temperature range for this type of battery cell is within -20 °C to 60 °C during discharge. This meant that in the absence of the PCM, the battery cell temperature was safely within this range. As shown in this Figure, during this first discharge, the SOC for both cases (with and without PCM) linearly decrease from the initial fully charged position at 1 and was fully/deep discharged at 0. Power drops from maximum power (~12W to ~8W) since there was a drop in the voltage of the battery as it discharged. The addition of the PCM jacket around the battery cell (3 mm circumferential diameter), kept the temperature constant and well within the optimum working temperature range (20 °C to 40 °C), showing that the thermal performance of the battery had improved due to the LH available from the PCM. This in turn extended the battery life cycle by a further 20 % (~600 s) in comparison to the standalone battery cell as shown by the electrical performance captured (SOC and Power). 
During the process of discharging, the PCM absorbed the heat generated from the battery cell by conduction heat transfer and the PCM began to melt as the liquidus temperature had been reached. At this stage, the liquid fraction of the PCM (molten PCM) was ~64 %, which indicated that there was still solid PCM with available LH capacity. To better understand the impact of PCM on temperature distribution of a battery, in Fig. 4 (A) a localized temperature contour layover is plotted at the initial and final conditions for the battery cell without PCM. Please note, as in the presence of PCM the battery temperature did not change significantly, the contour has been excluded in this Figure. Also note, to display maximum temperature, the lower and upper limit of colour bar varies between 321.05 K to 321.18 K, respectively, therefore a reader can better indicate the location of maximum temperature of battery in the overlayed contour. As shown in overlayed contour, the highest temperature is accumulated at the core of the battery and decreases as it moves towards the battery tabs. This showed that the heat generated is at the centre of the battery where the focus of the LH material should be applied. The indication of highest temperature zone was particularly useful for the designation of surrounding PCM. This initial discharging gave insight into the practicality of combining PCM with a constant volume for a single discharge with the applied assumptions and boundary conditions. 
Moreover, a supplementary study (extended version of Fig. 4 (A)) seen in Fig. 4 (B), analysed the effects PCM on the electrical and thermal performance of the battery involving continuous cycles of discharge and recharge, to ascertain a timespan, that the proposed model operated safely within its limits as discussed in section 2.4. In this case, the PCM enveloped the core of the battery only excluding the tabs (see Fig. 1). Like Fig. 4 (A), the boundary conditions and assumptions remained the same with the initial SOC at 1, temperature at 25 °C and a discharge rate of 1C. It is noteworthy that, as discussed in section 2.4, the discharging (60 °C) and charging (45 °C) cut-off temperature limits and voltage limits between 2.5 V and 4.2 V, a continuous cycle of discharge and recharge was performed (see Fig 4 (B)). In the absence of the PCM, as previously pointed out, the temperature of the battery cell reached ~48 °C after the first deep discharge, and well within the discharge temperature safety cut-off limit (60 °C). However, a further continuous recharge could not be completed since the battery temperature was above the charging safety limit (45 °C) for the upcoming process of charging, therefore in practice the battery had to be cooled before the charging started. However, as seen in Fig. 4 (B), further continuous charge and discharge cycles were valid for the case with PCM. After the first discharge, the battery temperature was not significantly increased from its initial temperature of 25 °C since LH was still available from the PCM (36 %) to perform further cycles. Immediately after the first discharge (at 3600 s), a first charging was initialised. During this cycle, the battery cell temperature was still relatively constant with a minimal increase in temperature until the PCM had fully melted at 30 °C indicated by a liquid fraction of 1 (at 5300 s). Since the volume of the PCM was completely molten, all the LH capacity available was used up and there was a transition to Sensible Heat (SH) where no further change in phase can occur, but the temperature of the material continued to rise. In this case, the battery cell temperature started to rise sharply (see Fig. 4 (B)) almost mid-way through the charging until the end of the first charging (at 7300 s). At this stage, the temperature had reached ~40 °C and was still reasonably within the safe operating temperature range as the PCM contributed significantly to this. The SOC at the end of this cycle did not fully reach the initial starting charge at 100 % since there was a restriction in the maximum voltage (4.2 V), as discussed in section 2.4. Nonetheless, since at this stage in the cycling, the battery cell temperature was ~40 °C and well below the discharging cut-off limit (60 °C), it means that the process could continue safely into another discharge. At the end of this second discharge (at 10305 s), the temperature was at 54 °C and notably beyond the charging cut-off limit (45 °C) and therefore was unable to proceed to the second charge. By considering a complete cycle to include complete discharging followed by recharging, the introduction of the PCM extended the battery life cycle up to one ½ cycles or 3.4 times in comparison to that without a PCM, based on the conditions previously specified.
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Fig. 4. Comparison of battery cell performance including SOC, Temperature (°C), and Power (W) versus Time (s), in absence and presence of 3mm jacketed PCM at 25 °C ambient temperature; A) during a single battery discharge with overlayed localized temperature contours; B) Consecutive cycles of battery discharge and recharge.


3.2.2 Impact of PCM circumferential thickness on battery performance

As the introduction of PCM proved itself as a promising passive cooling technique, a complimentary study was implemented to ascertain the most suitable PCM size for battery performance. The study analysed the PCM jackets with 1 mm, 3 mm, 5 mm, and 7 mm thicknesses whilst considering N-octadecane as PCM material. Fig. 5 presents the results of the proposed complementary study. In Fig. 5 (A), a single battery cell underwent deep discharge at the initial temperature of 25 °C at a rate of 1C is displayed with a comparison of the battery cell without (unshaded symbols) and with (shaded symbols) PCM of varying thicknesses. PCM thicknesses of 3 mm, 5 mm and 7 mm performed similarly showing constant temperature. However, the 1 mm thickness of was completely molten at ~2400 s after which a sharp increase in the temperature was observed until the battery was completely discharged (3900 s). This represented a change in the jacket from LH to SH where no further change in phase occurred, but rather, the temperature continued to rise. This can be thought of intuitively, as the greater the volume of PCM, the greater amount of LH available. 
This study was further extended into Fig. 5 (B), where continuous cycles of discharge followed by recharge was performed for all the cases for varying thickness of PCM. As seen for the 1 mm PCM thickness, the SH was dominant up to ~2400 s after initialisation. As with the battery cell without PCM, the temperature was beyond the charging cut-off (45 °C) and was unable to proceed to the next cycle (at 3000 s). As seen for the 3 mm, 5 mm, and 7 mm PCM thickness, further cycles were performed. For all cases, the temperature remained constant for a longer time if there was LH present in the PCM (not fully liquid). As previously stated, when the PCM was fully molten, the LH was used up and so SH was dominant, and the temperature started to rise sharply. It shows that as the PCM thickness surrounding the battery cell increased, the battery was able to endure more discharge/recharge cycles. In this case, the 3 mm PCM lasted for 1 ½ cycles, 5 mm for 2 ½ cycles and the 7 mm lasted for 3 cycles whilst taking into consideration the discharging and charging cut-off temperature limits and voltage limits that affect the electrical performance of the battery. The figure also displays the overlayed battery temperature contours in the absence and presence of PCM with varying thicknesses. These contours illustrate the variation of temperature in the cell at different instances. In terms of selecting the optimum volume of PCM to provide the best improvement in thermal performance, the 3 mm jacket PCM thickness around the 18650 cylindrical battery cell was sufficient to illustrate that thermal performance can be prolonged, if the electrical performance was also stable within the limits. When considering jacketing the battery cell with PCM, the available space and volume surrounding the cell must be taken into consideration, as ideally the weight of the BTMS should be kept to a minimum. 
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Fig. 5. Impact of jacket PCM thickness: A) Comparison of battery cell Temperature in presence and absence of various circumferential PCM Jacket thicknesses at ambient temperature of 25 °C during single battery discharge; B) Temperature (°C) versus Time (s) in consecutive cycles of battery discharge and recharge with temperature contours at specific instances; C) Liquid fraction versus Time for the melting of the PCM N-octadecane for the battery cell consecutive cycles with liquid fraction contours at specified instances.
Fig. 5C shows the liquid fraction versus time for the various sizes of PCM N-octadecane, melting during the consecutive discharging and recharging cycles. The circumferential thickness of PCM was significantly affected by the heat generated, showing that the larger volume liquifies much slower. Liquid fraction contours at front views display the percentage of PCM fully melted at specific times. The battery cell with 1 mm and 3 mm PCM was fully melted after 6000 s and the natural convection is not clearly shown due to small volume sizes. However, for the battery cell with 5 mm and 7 mm PCM, the natural convection during melting is illustrated with a greater volume of solid PCM near the bottom as opposed to the top as shown by the coloured legend. In this case, the volume of PCM could be further increased to prolong the thermal efficiency of the battery. However, considerations towards the weight of the BTMS must be acknowledged as this can have a negative impact on the performance of the vehicle. Based on this study, 3 mm PCM was considered sufficient to extend the thermal performance without having a significant impact on the volume and weight of the system.

3.2.3 Impact of ambient weather conditions on effectiveness PCM jacket for thermal management of battery cell even under extreme weather conditions

            
    
Fig. 6. Comparison of all cases for battery cell discharge with and without PCM N-octadecane at varying initial ambient temperatures of -20 °C, 0 °C, 25 °C, 40 °C and 55 °C 

Furthermore, a study performed on the impact of ambient weather conditions from normal to extreme conditions investigated the effectiveness of PCM for thermal management. For this study, varying the ambient temperature conditions for a test case for a single cell battery include -20 °C (extreme winter weather), 0 °C (winter weather), 25 °C (regular ambient weather), 40 °C (hot summer weather) and 55 °C (extreme hot/desert weather). It should be noted that at extremely low temperatures, such as -20 °C, there is an increase in internal resistance and consequently cold start of the battery which was not taken into consideration in this study but could be useful for further investigations. With decreased temperatures, the internal resistance of the battery cell increases, and capacity drops due to slower chemical reactions. Fig. 6 displays the comparison of all the cases with and without PCM N-octadecane under the various ambient weather conditions after a deep discharge as used previously in this study along with RT44HC and Stearic acid.
At 25 °C, no linear increase is seen as time passes, since the PCM is already molten and the PCM acts as an LH system. Below 25 °C, the ambient temperature weather conditions did not reach the liquidus temperature of the PCM N-octadecane and so the PCM temperature would increase linearly (as the SH is active) until it reaches that melting point (the system acts as LH). For these low temperatures, the N-octadecane (PCM) takes longer to liquify and can undergo further cycles of discharging and recharging until it is fully molten, and the LH returns to SH. For the hot temperatures outlined (40 °C and 55 °C), the PCM N-octadecane was fully molten (at 100 s) and so the LH already turned to SH, since there was no further change in phase. The battery temperature reached the discharging cut-off limit of 60 °C at 2,800 s and 700 s for 40 °C and 55 °C, respectively. In this case, only ½ cycle could be performed whilst safety limits taking into consideration. 


Fig. 7 Comparison of battery cell with (shaded symbols) and without (unshaded symbols) PCM showing the coupled electrochemical and thermal results of Temperature (°C) versus Time (s) at varying initial ambient temperatures of -20 °C, 0 °C, 40 °C and 55 °C for consecutive cycles of battery discharge and recharge.

It can be concluded from Fig. 6, that the PCM N-octadecane (see properties in Table 1) were sufficient up to 25 °C (from extreme cold to ambient weather conditions), due to its solidus and liquidus temperatures. However, the thermophysical properties of PCM N-octadecane is not sufficient for t temperatures higher than 25 °C. This study shows based the geographical weather on the aiming market manufacturers can design enhanced batteries with PCM based on. As the thermal properties of the PCM N-octadecane was inadequate at keeping battery temperature stable for extreme hot weather conditions, another complimentary study was conducted to investigate the impact of different PCM types on the thermal management of the battery. To alleviate the drawback of PCM N-octadecane in the hot weather conditions, two different PCMs were considered for the hot summer weather at 40 °C (RT44HC) and the extreme hot/desert weather at 55 °C (Stearic acid) (see Table 1). 
Fig. 7 shows the impact of the variation of PCM for consecutive discharge and recharge cycles. For the cases below 25 °C, SH was still dominant during the first discharge as the liquidus temperature of the PCM N-octadecane had not been reached as previously seen in Fig. 6. Unfortunately, due to the extremely high temperature of 55 °C, only a single discharge was performed (see Fig. 6) since the temperature was beyond the discharging cut-off limit (60 °C). However, there was still 440 % improvement in the thermal performance of the battery to maintain constant temperature at the end of deep discharge (~4.4x longer). It must be noted that these high temperatures are uncommon, but it is complementary to the results of the possibility of practically using PCM as a passive cooling approach for BTMS designs. 
Consecutive discharge and recharge cycles were performed, and the results are shown in Fig. 7. For the hot summer weather at 40 °C, the battery cell without PCM could only undergo the 1st discharge before reaching the cut-off temperature (at 2800 s), however, when the PCM was introduced, the battery underwent consecutive charging and was still below the charging cut-off temperature (at 6000 s) and so finally a 2nd discharge was completed (at 7,700 s). LH was active for the first complete cycle of discharge and recharge, however, after this stage, the PCM was fully molten, and SH was active resulting in the sharp increase in temperature during the 2nd discharge. Both cases for 0 °C and -20 °C without PCMs completed consecutive discharge and recharging cycles (1 ½ and 3 cycles respectively) with a steady increase in the temperature until the safety cut-off limit was reached. Similarly, the cases of 0 °C and -20 °C with PCM completed multiple cycles with steady increases in temperature until the PCM started to melt and LH was active. At this region, the battery cell temperature remained constant even up to and after three consecutive cycles for the 0 °C case and up to fifth discharge for -20 °C. This was significant as the battery operated at the optimum temperature up to 2 ½  full cycles and 4 ½  full cycles for the 0 °C case and -20 °C, respectively. After these cycles (at 13,800 s for 0 °C and at 24,300 s for -20 °C), SH was active and no further cycling was performed. The results show that once the most appropriate PCM was chosen based on thermal properties and the ambient conditions, the combined PCM and battery model can maintain its optimum operating conditions for longer.
[bookmark: _Toc69310448]4 Conclusions

In this study, a 18650 Li-ion cylindrical battery cell was conjugated with PCM to analyse the effects of passive cooling on the thermal performance under consecutive cycles of charging and discharging in varying ambient weather conditions including extreme winter weather -20 °C, winter weather 0 °C, ambient weather 25 °C, hot summer weather 40 °C, and extreme hot/desert weather 55 °C. Variation of circumferential PCM thicknesses including 1 mm, 3 mm, 5 mm, and 7 mm were analysed for the most appropriate PCM thickness and includes variation of PCM for the changing weather conditions. Two cases were analysed one with PCM and one without so that all the heat generated by the battery directly transferred to the PCM. The conclusions from the study are:
· The results of the validation study showed less than 0.1 % deviation from literature with the study results and verification study for the special grid (mesh), temporal (time-step) and mushy zone variations showed that the selected values were sufficiently independent. 
· The impact of PCM for regular ambient weather condition at 25 °C, prolonged the thermal performance of the battery cell by 20 % after a single discharge and was effective at maintaining constant temperature for multiple cycles with a total extension of 3.4x (340 % performance improvement). In this first case study, results were positive in the direction of PCM-based thermal-balanced cooling (passive cooling) that provided steady battery temperature control and can function as a standalone BTMS based on the conditions set in this work. 
· The impact of circumferential thickness compared PCM jacket sizes of 1 mm, 3 mm, 5 mm, and 7 mm thickness whilst considering N-octadecane as PCM, showed that 3 mm was sufficient for extending the thermal performance. 
· Appropriate PCMs chosen for higher temperatures at 40 °C and 55 °C with initial results of discharging, showed constant battery temperature. However, at 55 °C temperature only achieved a single discharge since it reached the cut-off limit, but there was still 440 % improvement (4.4x) in the thermal performance. This temperature is not common but complimentary to the study. Similarly, the 40 °C weather condition without the PCM only underwent a single discharge before reaching the safety cut-off limit, but the addition of the PCM further extended the thermal performance up to 1 ½ cycles.
· For lower temperatures (-20 °C and 0 °C) only SH was observed since the PCM was not at the melting temperature. Consecutive cycles for the 0 °C and -20 °C with PCM remained constant even up to and after 2 ½ and 4 ½  consecutive cycles, respectively displaying 160 % and 162 % thermal performance improvement.
The results show the choice of PCM -based passive cooling on thermal properties and the ambient conditions, can maintain the optimum battery operating conditions for longer.
CRediT author statement

M. Yang: Conceptualization, Methodology, Writing – Original Draft, Writing – Review & Editing; R. A. Nicholls: Conceptualization, Methodology, Software, Validation, Formal analysis, Investigation, Writing – Original Draft. M.A. Moghimi: Methodology, Software, Validation, Formal analysis, Investigation, Writing – Original Draft, Writing – Review & Editing, Supervision, Project administration, Funding acquisition, management. A. L. Griffiths: Writing – Original Draft, Writing – Review & Editing, Supervision.

Acknowledgements

The authors gratefully acknowledge the support received from Staffordshire Advanced Manufacturing, Prototyping, and Innovation Demonstrator (SAMPID) that is part funded through the European Regional Development Fund 2014-2020, project reference No: 32R19P03142.

References

[1] Nicholls, R.A, Moghimi, M.A., and Griffiths, A.L., Can passive cooling be a practical solution for the thermal management of battery in electric vehicles, Proceedings of the 16th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics and Editorial Board of Applied Thermal Engineering, Amsterdam, Netherlands, August 2022.
[2] Chen, H., Cong, T.N., Yang, W., Tan, C., Li, Y. and Ding, Y. (2009) 'Progress in electrical energy storage system: A critical review', Progress in Natural Science, 19(3), pp. 291-312. https://doi.org/10.1016/j.pnsc.2008.07.014.

[3] Cho, J., Jeong, S. and Kim, Y. (2015) 'Commercial and research battery technologies for electrical energy storage applications', Progress in energy and combustion science, 48, pp. 84-101. https://doi.org/10.1016/j.pecs.2015.01.002. 

[4] Ferreira, H.L., Garde, R., Fulli, G., Kling, W. and Lopes, J.P. (2013) 'Characterisation of electrical energy storage technologies', Energy (Oxford), 53, pp. 288-298. https://doi.org/10.1016/j.energy.2013.02.037. 

[5] Hameer, S., and van Niekerk, J.L. (2015) 'A review of large-scale electrical energy storage', International journal of energy research, 39(9), pp. 1179-1195. https://doi.org/10.1002/er.3294. 

[6] Alva, G., Lin, Y. and Fang, G. (2018) 'An overview of thermal energy storage systems', Energy (Oxford), 144, pp. 341-378. https://doi.org/10.1016/j.energy.2017.12.037. 

[7] Fang, M. and Chen, G. (2007) 'Effects of different multiple PCMs on the performance of a latent thermal energy storage system', Applied thermal engineering, 27(5), pp. 994-1000. https://doi.org/10.1016/j.applthermaleng.2006.08.001. 

[8] Kuravi, S., Trahan, J., Goswami, D.Y., Rahman, M.M. and Stefanakos, E.K. (2013) 'Thermal energy storage technologies and systems for concentrating solar power plants', Progress in energy and combustion science, 39(4), pp. 285-319. https://doi.org/10.1016/j.pecs.2013.02.001. 

[9] Kim, J., Oh, J. and Lee, H., Review on battery thermal management system for electric vehicles, Applied thermal engineering, 149, 2019, pp. 192-212. https://doi.org/10.1016/j.applthermaleng.2018.12.020. 

[10] Muenzel, V., Hollenkamp, A.F., Bhatt, A.I., de Hoog, J., Brazil, M., Thomas, D.A. and Mareels, I., A, Comparative Testing Study of Commercial 18650-Format Lithium-Ion Battery Cells, Journal of the Electrochemical Society, 162(8), 2015, pp. A1592-A1600. https://doi.org/10.1149/2.0721508jes. 
[11] Tomaszewska, A., Chu, Z., Feng, X., O&#39;Kane, S., Liu, X., Chen, J., Ji, C., Endler, E., Li, R., Liu, L., Li, Y., Zheng, S., Vetterlein, S., Gao, M., Du, J., Parkes, M., Ouyang, M., Marinescu, M., Offer, G. and Wu, B. (2019) 'Lithium-ion battery fast charging: A review', eTransportation, 1, pp. 100011. https://doi.org/10.1016/j.etran.2019.100011. 

[12] Behi, H., Karimi, D., Behi, M., Ghanbarpour, M., Jaguemont, J., Sokkeh, M.A., Gandoman, F.H., Berecibar, M. and Van Mierlo, J. (2020) 'A new concept of thermal management system in Li-ion battery using air cooling and heat pipe for electric vehicles', Applied Thermal Engineering, 174, pp. 115280. https://doi.org/10.1016/j.applthermaleng.2020.115280.

[13] Panchal, S., Mathew, M., Fraser, R. and Fowler, M., Electrochemical thermal modelling, and experimental measurements of 18650 cylindrical lithium-ion battery during discharge cycle for an EV, Applied thermal engineering, 135, 2018, pp. 123-132. https://doi.org/10.1016/j.applthermaleng.2018.02.046. 

[14] Kshetrimayum, K.S., Yoon, Y., Gye, H. and Lee, C. (2019) 'Preventing heat propagation and thermal runaway in electric vehicle battery modules using integrated PCM and micro-channel plate cooling system', Applied thermal engineering, 159, pp. 113797. https://doi.org/10.1016/j.applthermaleng.2019.113797. 

[15] Balakrishnan, P.G., Ramesh, R. and Prem Kumar, T. (2006) 'Safety mechanisms in lithium-ion batteries', Journal of Power Sources, 155(2), pp. 401-414. https://doi.org/10.1016/j.jpowsour.2005.12.002.
[16] Verma, A., Shashidhara, S. and Rakshit, D. (2019) 'A comparative study on battery thermal management using phase change material (PCM)', Thermal Science and Engineering Progress, 11, pp. 74-83. https://doi.org/10.1016/j.tsep.2019.03.003. 

[17] Wang, Z., Zhang, Z., Jia, L. and Yang, L. (2015) 'Paraffin and paraffin/aluminum foam composite phase change material heat storage experimental study based on thermal management of Li-ion battery', Applied thermal engineering, 78, pp. 428-436. https://doi.org/10.1016/j.applthermaleng.2015.01.009. 
[18] Landini, S., Leworthy, J. and O’Donovan, T.S., A Review of Phase Change Materials for the Thermal Management and Isothermalisation of Lithium-Ion Cells, Journal of Energy Storage, 25, 2019, pp. 100887. https://doi.org/10.1016/j.est.2019.100887. 

[19] Jilte, R.D., Kumar, R., Ahmadi, M.H. and Chen, L., Battery thermal management system employing phase change material with cell-to-cell air cooling, Applied thermal engineering, 161, 2019, pp. 114199. https://doi.org/10.1016/j.applthermaleng.2019.114199. 

[20] Hosseini, M.J., Ranjbar, A.A., Sedighi, K. and Rahimi, M., A combined experimental and computational study on the melting behaviour of a medium temperature phase change storage material inside shell and tube heat exchanger, international communications in heat and mass transfer, 39(9), 2012, pp. 1416-1424. https://doi.org/10.1016/j.icheatmasstransfer.2012.07.028. 

[21] Selokar, U., Qiao, Q. and Lu, H. (May 2019) PCM and the thermal model in battery design. IEEE, pp. 596. https://doi.org/10.1109/EIT.2019.8833702. 

[22] Javani, N., Dincer, I., Naterer, G.F. and Yilbas, B.S. (2014) 'Heat transfer and thermal management with PCMs in a Li-ion battery cell for electric vehicles', International journal of heat and mass transfer, 72, pp. 690-703. https://doi.org/10.1016/j.ijheatmasstransfer.2013.12.076. 

[23] Sardari, P.T., Babaei-Mahani, R., Giddings, D., Yasseri, S., Moghimi, M.A. and Bahai, H. Energy recovery from domestic radiators using a compact composite metal Foam/PCM Latent Heat Storage, Journal of cleaner production, 257, 2020, pp. 120504. https://doi.org/10.1016/j.jclepro.2020.120504. 

[24] Talebizadehsardari, P., Mahdi, J.M., Mohammed, H.I., Moghimi, M.A., Hossein Eisapour, A. and Ghalambaz, M., Consecutive charging and discharging of a PCM-based plate heat exchanger with zigzag configuration, Applied thermal engineering, 193, 2021, pp. 116970. https://doi.org/10.1016/j.applthermaleng.2021.116970. 

[25] Sharma, R.K., Ganesan, P., Tyagi, V.V., Metselaar, H.S.C. and Sandaran, S.C. (2015) 'Developments in organic solid–liquid phase change materials and their applications in thermal energy storage', Energy conversion and management, 95, pp. 193-228. https://doi.org/10.1016/j.enconman.2015.01.084. 

[26] Du, K., Calautit, J.K., Wang, Z., Wu, Y. and Liu, H. (2018) 'A review of the applications of phase change materials in cooling, heating and power generation in different temperature ranges', Applied Energy, 220, pp. 242. https://doi.org/10.1016/j.apenergy.2018.03.005. 

[27] Veerakumar, C. and Sreekumar, A. (2016) 'Phase change material based cold thermal energy storage: Materials, techniques and applications – A review', International journal of refrigeration, 67, pp. 271-289. https://doi.org/10.1016/j.ijrefrig.2015.12.005. 

[28] El Idi, M.M., Karkri, M. and Abdou  Tankari, M. (2021) 'A passive thermal management system of Li-ion batteries using PCM composites: Experimental and numerical investigations', International journal of heat and mass transfer, 169, pp. 120894. https://doi.org/10.1016/j.ijheatmasstransfer.2020.120894. 

[29] Huang, R., Li, Z., Hong, W., Wu, Q. and Yu, X. (2020) 'Experimental and numerical study of PCM thermophysical parameters on lithium-ion battery thermal management', Energy Reports, 6, pp. 8-19. https://doi.org/10.1016/j.egyr.2019.09.060. 

[30] Lu, L., Han, X., Li, J., Hua, J. and Ouyang, M. (2013) 'A review on the key issues for lithium-ion battery management in electric vehicles', Journal of power sources, 226, pp. 272-288. https://doi.org/10.1016/j.jpowsour.2012.10.060. 

[31] Murali, G., Sravya, G.S.N., Jaya, J. and Naga Vamsi, V. (2021) 'A review on hybrid thermal management of battery packs and it's cooling performance by enhanced PCM', Renewable &amp; sustainable energy reviews, 150, pp. 111513. https://doi.org/10.1016/j.rser.2021.111513. 

[32] Xia, G., Cao, L. and Bi, G. (2017) 'A review on battery thermal management in electric vehicle application', Journal of power sources, 367, pp. 90-105. https://doi.org/10.1016/j.jpowsour.2017.09.046. 

[33] Rao, Z. and Wang, S. (2011) 'A review of power battery thermal energy management', Renewable and Sustainable Energy Reviews, 15(9), pp. 4554-4571. https://doi.org/10.1016/j.rser.2011.07.096.

[34] Shahjalal, M., Shams, T., Islam, M.E., Alam, W., Modak, M., Hossain, S.B., Ramadesigan, V., Ahmed, M.R., Ahmed, H. and Iqbal, A. (2021) 'A review of thermal management for Li-ion batteries: Prospects, challenges, and issues', Journal of Energy Storage, 39, pp. 102518. https://doi.org/10.1016/j.est.2021.102518.

[35] Sun, J., Mao, B. and Wang, Q. (2021) 'Progress on the research of fire behavior and fire protection of lithium-ion battery', Fire Safety Journal, 120, pp. 103119. https://doi.org/10.1016/j.firesaf.2020.103119.

[36] Oh, S., Lee, J., Lee, H., Shin, D., Thalluri, T. and Shin, K. (Oct 2019) Design of Battery Thermal Management Unit with PCM for Electrical Vehicle: Part I: Modelling and Analysis of Pouch Type Battery Cell. IEEE, pp. 82. https://doi.org/10.1109/ECICE47484.2019.8942732. 
[37] Budiman, A.C., Kaleg, S., Sudirja, Amin and Hapid, A. (2021) 'Passive thermal management of battery module using paraffin-filled tubes: An experimental investigation', Engineering Science and Technology, an International Journal. https://doi.org/10.1016/j.jestch.2021.06.011.

[38] Cao, J., Ling, Z., Fang, X. and Zhang, Z. (2020) 'Delayed liquid cooling strategy with phase change material to achieve high temperature uniformity of Li-ion battery under high-rate discharge', Journal of Power Sources, 450, pp. 227673. https://doi.org/10.1016/j.jpowsour.2019.227673.

[39] Cao, J., Luo, M., Fang, X., Ling, Z. and Zhang, Z. (2020) 'Liquid cooling with phase change materials for cylindrical Li-ion batteries: An experimental and numerical study', Energy, 191, pp. 116565. https://doi.org/10.1016/j.energy.2019.116565.

[40] Chen, J., Kang, S., E, J., Huang, Z., Wei, K., Zhang, B., Zhu, H., Deng, Y., Zhang, F. and Liao, G. (2019) 'Effects of different phase change material thermal management strategies on the cooling performance of the power lithium-ion batteries: A review', Journal of Power Sources, 442, pp. 227228. https://doi.org/10.1016/j.jpowsour.2019.227228.
[41] Nicholls, R.A, Moghimi, M.A., and Griffiths, A.L., Impact of fin type and orientation on performance of phase change material-based double pipe thermal energy storage, Journal of Energy storage, 50, 2022, pp 104671. https://doi.org/10.1016/j.est.2022.104671. 

[42] Moradi, R., Kianifar, A. and Wongwises, S. (2017) 'Optimization of a solar air heater with phase change materials: Experimental and numerical study', Experimental thermal and fluid science, 89, pp. 41-49. https://doi.org/10.1016/j.expthermflusci.2017.07.011. 

[43] Du, K., Calautit, J.K., Wang, Z., Wu, Y. and Liu, H. (2018) 'A review of the applications of phase change materials in cooling, heating and power generation in different temperature ranges', Applied Energy, 220. https://doi.org/10.1016/j.apenergy.2018.03.005. 
[44] Malik, M., Dincer, I. and Rosen, M.A., Review on use of phase change materials in battery thermal management for electric and hybrid electric vehicles, international journal of energy research, 40(8), 2016, pp. 1011-1031. https://doi.org/10.1002/er.3496. 
[45] Yang, B., Wang, J., Cao, P., Zhu, T., Shu, H., Chen, J., Zhang, J. and Zhu, J. (2021) 'Classification, summarization and perspectives on state-of-charge estimation of lithium-ion batteries used in electric vehicles: A critical comprehensive survey', Journal of energy storage, 39, pp. 102572. https://doi.org/10.1016/j.est.2021.102572. 
[46] Xu, Z., Wang, J., Lund, P.D. and Zhang, Y., Co-estimating the state of charge and health of lithium batteries through combining a minimalist electrochemical model and an equivalent circuit model, Energy (Oxford), 240, 2022, pp. 122815. https://doi.org/10.1016/j.energy.2021.122815. 

[47] Ungurean, L., Cârstoiu, G., Micea, M.V. and Groza, V., Battery state of health estimation: a structured review of models, methods, and commercial devices, international journal of energy research, 41(2), 2017, pp. 151-181. https://doi.org/10.1002/er.3598. 

[48] Kirad, K. and Chaudhari, M., Design of cell spacing in lithium-ion battery module for improvement in cooling performance of the battery thermal management system, Journal of power sources, 2021, pp. 481. https://doi.org/10.1016/j.jpowsour.2020.229016. 

[49] [bookmark: _Ref82037876]Voller, V. R. and Prakash, C. "A Fixed-Grid Numerical Modelling Methodology for Convection-Diffusion Mushy Region Phase-Change Problems". Int. J. Heat Mass Transfer. 30. 1709–1720. 1987. https://doi.org/10.1016/0017-9310(87)90317-6. 

[50] [bookmark: _Ref82037882][bookmark: _Ref84249868]Swaminathan, C.R., Voller, V.R. A general enthalpy method for modelling solidification processes. Metal Mater Trans B 23, 651–664 (1992). https://doi.org/10.1007/BF02649725.

[51] [bookmark: _Ref82037890]Oliveski Brent, A., Voller, V., Reid, K. Enthalpy-porosity technique for modelling convection diffusion phase change: application to the melting of a pure metal, numerical heat transfer, Int. J. Comput. Meth. 133 (1988) 297–318. https://doi.org/10.1080/10407788808913615. 

[52] Nicholls, R.A, Moghimi, M.A., and Griffiths, A.L., A comparative study of corrugated fins during melting of phase change material in a double pipe heat exchanger, Proceedings of the 17th UK International Heat Transfer Conference, Manchester, United Kingdom, Paper number 116, April 2022. http://cfd.mace.manchester.ac.uk/ukhtc21-proc/papers/O-12-5.pdf. 
[53] Chen, M. and Rincon-Mora, G. A., Accurate Electrical Battery Model Capable of Predicting Runtime, and I-V Performance. IEEE Trans. On Energy Conversion, Vol. 21, No.2, June 2006, A154-A161. https://doi.org/10.1109/TEC.2006.874229. 

[54] Kousha, N., Hosseini, M.J., Aligoodarz, M.R., Pakrouh, R. and Bahrampoury, R., Effect of inclination angle on the performance of a double pipe heat storage unit – An experimental study, Applied thermal engineering, 112, 2017, pp. 1497-1509. https://doi.org/10.1016/j.applthermaleng.2016.10.203. 

[55] Mohaghegh, M.R., Alomair, Y., Alomair, M., Tasnim, S.H., Mahmud, S. and Abdullah, H. (2021) 'Melting of PCM inside a novel encapsulation design for thermal energy storage system', Energy conversion and management. X, 11, pp. 100098. https://doi.org/10.1016/j.ecmx.2021.100098. 

[56] Kollmeyer, P., Hackl, A. and Emadi, A. Jun, Li-ion battery model performance for automotive drive cycles with current pulse and EIS parameterization, IEEE, 2017, pp. 486. https://doi.org/10.1109/ITEC.2017.7993319. 

[57] [bookmark: _Ref92970555]Darzi, A.R., Farhadi, M. and Sedighi, K., Numerical study of melting inside concentric and eccentric horizontal annulus, Applied mathematical modelling, 36(9), 2012, pp. 4080-4086. https://doi.org/10.1016/j.apm.2011.11.033. 

[58] [bookmark: _Ref92970565]Kadivar, M.R., Moghimi, M.A., Sapin, P. and Markides, C.N., Annulus eccentricity optimisation of a phase-change material (PCM) horizontal double-pipe thermal energy store, Journal of energy storage, 26, 2019, pp. 101030. https://doi.org/10.1016/j.est.2019.101030. 
2

image1.png




image2.png




image3.png




image4.png




image5.png
18 mm

*)

6.6mm

65mm
+02mm





image6.png




image7.png




image8.png




image9.png




image10.png
| Vi)

Vi ()

1)

¥, (s0c)





image11.png
“-Darzi etal., [57]
“o-Kadivar et al., [58]

~+-Present study

o 0.1 02 03 04 0.5 0.6 0.7
) Fourier Number




image12.png
50

45

40

35

Temperature (°C)

& Kirad et al., [48]
0 Kollmeyer et al.. [56]
 This study
P
o002 0 ftgd adut o bPod BTED
JESEREE
0 200 400 600 800 1000
Time (s)

1200




image13.png
Temperature

K]




image14.png
0.8

0.6

Nelo

0.4

0.2

K
E
£
g
&
&

(A)

Chargingut-

off 45°C
6
e0eooeee
b4
L}
L L2
n
-l
Og L P 0
500 1000 1500 2000 2500 3000 3500 4000

Time (s)

Power (W)




image15.png
Temperature

K]




image16.png




image17.png
0.8

0.6

Nelo

0.4

0.2

K
E
£
g
&
&

(A)

Chargingut-

off 45°C
6
e0eooeee
b4
L}
L L2
n
-l
Og L P 0
500 1000 1500 2000 2500 3000 3500 4000

Time (s)

Power (W)




image18.png
soc

08

06

04

02

(B)

70 - 14
H Discharging
IstDischarge | 1stCharge D gfrGrrC
60 -t
_50 10
o .
3 Cuarging
40 aotrasec| $
§
% 30 6
&
20 4
10
0 0
0 2000 4000 6000 8000 10000 12000

Time (s)

~-Temperature without PCM - SOC without PCM -+-Power without PCM

~+-Temperature with PCM % SOC with PCM  ~+Power with PCM

Power (W)




image19.png
70

e S

50 4 Discharging
O cut-off 60°C
00

~ 000

O 40 ©000°° o®

< 000 °®

o OOQOOO o®®

2 30 A 000

£ u-iﬁnm:mumtm&m‘nm‘n

g 20 4

&
10 4
0 T

0 500 1000 1500 2000 2500 3000 3500 4000
) Time (s)




image20.png




image21.png
temperature

K]

333.15
330.23
327.32
324.40
321.48
318.57
315.65
312.73
309.82
306.90
303.98
301.07
298.15




image22.png
T T -
st S | 2nd | 2nd e I3q  Discharging
Discharge ! Charge | Discharge | Charge |!Discharge ! Charge 2‘:,:(:0“ \
60 R O S A RS
o
. £l
o A eGP
i . R
< G/ _____ A A I ;__;é'_ ______
2 H A"! > o s T
3 40 1A o | @\ Charging|
S A"{‘ P H ) cut-off
2 ' ¥ ' . 45°C
B 30 “} ! * ! = !
15} R a e !
e «quﬁ%b\ ' :
' 1 1 ’ 1
1 1 1 1
20 ! ' ' ' :
i ’ i : H
1 | i 1
1 i 1 i
10 I ' I I
1 1 1 1
: i H 1
: i : H
i i i :
0 H : 1 i

6000 9000 12000 15000 18000 21000
B) Time (s)




image23.png




image24.png
temperature

K]

333.15
330.23
327.32
324.40
321.48
318.57
315.65
312.73
309.82
306.90
303.98
301.07
298.15




image25.png
T T -
st S | 2nd | 2nd e I3q  Discharging
Discharge ! Charge | Discharge | Charge |!Discharge ! Charge 2‘:,:(:0“ \
60 R O S A RS
o
. £l
o A eGP
i . R
< G/ _____ A A I ;__;é'_ ______
2 H A"! > o s T
3 40 1A o | @\ Charging|
S A"{‘ P H ) cut-off
2 ' ¥ ' . 45°C
B 30 “} ! * ! = !
15} R a e !
e «quﬁ%b\ ' :
' 1 1 ’ 1
1 1 1 1
20 ! ' ' ' :
i ’ i : H
1 | i 1
1 i 1 i
10 I ' I I
1 1 1 1
: i H 1
: i : H
i i i :
0 H : 1 i

6000 9000 12000 15000 18000 21000
B) Time (s)




image26.png
haw acton

992, 9205 9505 0505 9205 % % 70

©
©)

Q@
000
9,

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Time (s)
@ battery cell with | mm PCM +-battery cell with 5 mm PCM
&-battery cell with 3 mm PCM ® battery cell with 7 mm PCM

©)




image27.png
~0-battery cell at -20 degrees without PCM
T battery cell at 0 degrees without PCM
O battery cell at 25 degrees without PCM
~A-battery cell at 40 degrees without PCM
~X-battery cell at 55 degrees without PCM

~#-battery cell at -20 degrees with N-octadecane PCM
- battery cell at 0 degrees with N-octadecane PCM
@ battery cell at 25 degrees with N-octadecane PCM
~A-battery cell at 40 degrees with N-octadecane PCM
-=-battery cell at 40 degrees with RT44HC PCM
X-battery cell at 55 degrees with N-octadecane PCM
~+-battery cell at 55 degrees with stearic acid PCM




image28.png
Temperature (°C)

70

_______________________________________ Ao
60 xxrxx¥'¥¥’f¥$++ IR f A%%’xxxtfiil/
Discharging

cut-off 60°C

4000





image29.png
~0-battery cell at -20 degrees without PCM
T battery cell at 0 degrees without PCM
O battery cell at 25 degrees without PCM
~A-battery cell at 40 degrees without PCM
~X-battery cell at 55 degrees without PCM

~#-battery cell at -20 degrees with N-octadecane PCM
- battery cell at 0 degrees with N-octadecane PCM
@ battery cell at 25 degrees with N-octadecane PCM
~A-battery cell at 40 degrees with N-octadecane PCM
-=-battery cell at 40 degrees with RT44HC PCM
X-battery cell at 55 degrees with N-octadecane PCM
~+-battery cell at 55 degrees with stearic acid PCM




image30.png
Temperature (°C)

70

_______________________________________ Ao
60 xxrxx¥'¥¥’f¥$++ IR f A%%’xxxtfiil/
Discharging

cut-off 60°C

4000





image31.png
70 T Vst 2nd  j2nd  (3rd | 3d  jath G 4th (St |
60 -Pischargg Charge _ 1DischargaCharge_1DischargeCharge Discharge Charge \Discharge __ _______ ]
i

DischaTrgLng

(=1

|
50 :
T

;G 40 i Charging

< 30 1 cut-off 45 °C
g 1
£ 20 :
5 |
g 10 i
g |
= !
i
|
|
|
|
h

T T T T
0 5000 10000 15000 20000 25000 30000
(B) Time (s)




image32.png
~O-battery cell at -20 degrees without PCM ~#-battery cell at -20 degrees with N-octadecane PCM
-0 battery cell at 0 degrees without PCM M- battery cell at 0 degrees with N-octadecane PCM
-2 battery cell at 40 degrees without PCM -A-battery cell at 40 degrees with RT44HC PCM

- battery cell at 55 degrees without PCM - battery cell at 55 degrees with stearic acid PCM




image33.png
70 T Vst 2nd  j2nd  (3rd | 3d  jath G 4th (St |
60 -Pischargg Charge _ 1DischargaCharge_1DischargeCharge Discharge Charge \Discharge __ _______ ]
i

DischaTrgLng

(=1

|
50 :
T

;G 40 i Charging

< 30 1 cut-off 45 °C
g 1
£ 20 :
5 |
g 10 i
g |
= !
i
|
|
|
|
h

T T T T
0 5000 10000 15000 20000 25000 30000
(B) Time (s)




image34.png
~O-battery cell at -20 degrees without PCM ~#-battery cell at -20 degrees with N-octadecane PCM
-0 battery cell at 0 degrees without PCM M- battery cell at 0 degrees with N-octadecane PCM
-2 battery cell at 40 degrees without PCM -A-battery cell at 40 degrees with RT44HC PCM

- battery cell at 55 degrees without PCM - battery cell at 55 degrees with stearic acid PCM




