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Abstract: The main challenge associated with renewable energy generation is the 

intermittency of the renewable source of power. Because of this, back-up generation sources 

fuelled by fossil fuels are required. In stationary applications whether it is a back-up diesel 

generator or connection to the grid, these systems are yet to be truly emissions-free. One 

solution to the problem is the utilisation of electrochemical energy storage systems (ESS) 

to store the excess renewable energy and then reusing this energy when the renewable energy 

source is insufficient to meet the demand. The performance of an ESS amongst other things 

is affected by the design, materials used and the operating temperature of the system. The 

operating temperature is critical since operating an ESS at low ambient temperatures 

affects its capacity and charge acceptance while operating the ESS at high ambient 

temperatures affects its lifetime and suggests safety risks. Safety risks are magnified in 

renewable energy storage applications given the scale of the ESS required to meet the 

energy demand. This necessity has propelled significant effort to model the thermal 

behaviour of ESS. Understanding and modelling the thermal behaviour of these systems is 

a crucial consideration before designing an efficient thermal management system that 

would operate safely and extend the lifetime of the ESS. This is vital in order to eliminate 

intermittency and add value to renewable sources of power. This paper concentrates on 

reviewing theoretical approaches used to simulate the operating temperatures of ESS and 

the subsequent endeavours of modelling thermal management systems for these systems. 

The intent of this review is to present some of the different methods of modelling the 

thermal behaviour of ESS highlighting the advantages and disadvantages of each approach. 
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1. Introduction 

Energy Storage Systems (ESS) using batteries has already started to make a sizeable impact on the 

renewable energy storage market. The technology is attractive in applications such as solar powered 

telecommunication towers [1]. The uptake of ESS is eminent given the technology’s falling costs and 

the rising cost of grid electricity. Developers are already beginning to deploy pilot ESS battery banks 

to test their integration with the electricity grid [2]. One of the important parameter that affects the 

performance of ESS is the operating temperature of the system. The operating temperature affects 

many aspects of an ESS including round trip energy efficiency, charge acceptance, reliability, lifetime 

and life cycle cost [3–5]. 

Operating an ESS in cold climates reduces the system energy storage capacity and charge 

acceptance during charging [6–12]. Research have found that the capacity of Li-ion batteries can 

decrease as much as 95% when the ESS is operating at −10 °C compared to that at 20 °C [13]. Figure 1 

supports the previous statement illustrating the reduction in ESS capacity for a Li-ion battery operating 

at various temperatures in a temperature control test for a 3C discharge rate (current rate at which the 

battery can be fully discharged in 3 hours). Lead-acid (LA) batteries also suffer from a significant drop 

in capacity at lower operating temperatures [14]. This drop in the energy storage capacity of battery-based 

ESS is not acceptable in many applications, making the business case for adopting the technology 

much less attractive. The lifetime of batteries is also adversely affected when operating at high temperature 

conditions [15–18]. Motloch, et al. [19] states that for every 1 °C increase of cell temperature the 

lifetime of a Li-ion battery reduces by approximately two months in an operating temperature range of 

30 to 40 °C. As another example: experimental studies conducted in America have shown that for 

Electric Vehicles (EVs) mileage declined approximately 60% when the ambient temperature dropped 

below −6 °C and the mileage also dropped 33% when the ambient temperature exceeded  

35 °C [20,21]. Another factor that affects the lifetime of an ESS is the cell temperature distribution. 

The cell temperature difference must be limited to below 5 °C to maximise the ESS lifetime [22,23]. 

Large temperature non-uniformity in the ESS pack reduces the overall cell lifespan as well as available 

cell capacity [24–27]. 

That is why significant research efforts have been dedicated to the thermal management of batteries. 

For example many studies have been focused on vehicular applications specifically electric vehicles 

(EV) and hybrid electric vehicles (HEV) with many of the recent theoretical and experimental research  

efforts also have been aimed towards EV battery operation [28–30]. The high charge and discharge  

rates of batteries used in these applications warrant a well-designed thermal management systems [31]. 

The different types of batteries that have been tested to meet the energy storage requirements in 

vehicular applications include lead acid, Li-ion, ultra-battery (supercapacitor and lead acid battery 

combination) and Nickel/metal hydride type technologies [32–36]. Amongst these battery types used 

for ESS, Li-ion has been the dominant type for vehicular applications due to its energy and power 

densities, durability and safety compared to the other types [37,38]. 
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Figure 1. Experimental results indicating Li-ion battery discharge curves at various 

temperatures for a 3C discharge rate [39]. 

Zhang, et al. [30] identified the safe temperature limits of the Li-ion in their research as −10 to  

50 °C. Other sources state that Li-ion batteries are adversely affected when the ambient temperature is 

outside the range of 0 to 65 °C [40]. Many literature works have identified the ideal operating 

temperature of Li-ion batteries being in between 20 and 30 °C [41]. At this temperature the Li-ion ESS 

is near its maximum capacity and the degradation effects is minimised. Similarly LA batteries have 

been tested to safely function between −20 and 50 °C with the ideal operating temperature being in 

between 20 and 27 °C [42] that is close to that suggested for Li-ion batteries (i.e., 20 and 30 °C) [41]. 

Operating LA batteries below −20 °C is known to cause freezing highly likely leading to permanent 

damage. The general relationship between discharge time and operating temperature of LA batteries is 

the same as that for Li-ion batteries. Experimental tests showed a 22.5% increase in discharge time for 

a constant current constant voltage (CCCV) discharge at 25 °C compared to 50 °C [43]. 

As already discussed, there has been many research done into modelling the thermal behaviour of 

battery ESS since the late 1970s [44]. The research efforts were propelled when researchers in their 

investigation of ESS found that the battery performance was significantly affected by the operating 

temperature of the battery module and the temperature variation/distribution within the battery  

modules [31]. Since then researchers have been striving to design thermal models that could accurately 

predict the temperature dependent performance of battery-based ESS while balancing the computational 

requirements of the models. In these models the equations for thermal behaviour are based on [45]: 

 The energy balance equation 

 The heat generation equation—complex or simplified 

 The boundary condition equations—linear/nonlinear, conduction, convection and or radiation 

There have been many efforts to model the heat generation and thermal management of such ESS 

from simplified lumped parameters models [3,40], to adaptive theoretical models with experimental 

calibration [44] and computationally intense 3-dimensional numerical models [46,47]. Most of these 

researches had vehicular applications in their core. 

The focus of this paper is to present a review of some methods used to model and simulate the 

thermal behaviour of ESS. This review will depict some of the various methods of thermal modelling 

that has been investigated and/or applied to date. Most of these investigations were for HEV and EV 

applications however the approaches used in HEV/EV applications can be adopted for the renewable 

energy storage applications. The operating conditions which vary in both applications can be treated as 

a separate unique input into these models. Additionally the entire ESS consists of the management 
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system, control and communication in addition to the batteries. The focus of this paper is on the battery 

side of the ESS and the term ESS referred to in this review emphasises on the battery side of the 

system. In the following sections the modelling techniques, governing equations, as well as the 

physical variable inputs and assumptions are reviewed. Some of the results and the important findings 

will be discussed and also the advantages and disadvantages of certain elements of these modelling 

approaches are discussed. The last part of each section highlights the applications of thermal modelling 

used in the design of thermal management for battery based ESS. 

2. Numerical and Analytical Thermal Models 

2.1. Overview of Numerical and Analytical Models 

Numerical and analytical models use differential equations to solve for the energy balance in the  

ESS [48]. One of the core components of the energy balance equation, the internal heat generation in 

the ESS is attributed to the temperature-current dependent overpotential heat generation and state of 

charge (SOC) dependent change in entropy heat generation. Overpotential heat generation is always 

positive and is caused by the internal resistance within the battery, kinetic aspects and mass transport 

associated with electrochemical reactions [9]. Heat generation due to entropy change on the other hand 

can be positive or negative and is attributed to the reversible electrochemical reactions within the 

battery. Heat generation from the enthalpy of mixing is also another source of internal heat generation 

but it is normally neglected in many models. 

Convection is normally the main method for heat dissipation with radiation sometimes considered  

in some models. Conduction is either deliberated or simplified by assuming that the temperature inside 

the cell is uniform. Numerical models are generally time consuming and computationally intense; 

however, if setup properly with sound experimental data, these models have the potential to produce 

very accurate results. 

2.2. Lumped Capacitance Thermal Models 

Lumped capacitance thermal modelling is a transient conduction approach that assumes the 

temperature of a solid is spatially uniform and is a function of time (t) only. This implies that there are 

negligible temperature gradients in a solid and that the thermal conductivity (k) is infinite. In reality 

this is not true however it can be approximated only if the thermal resistance to conduction within the 

solid is significantly less than the thermal resistance to convection between the solid and the surrounding: 

௖ܮ
݇
≪
1
݄

 (1)

where k represents the conduction heat transfer coefficient of the cell (W·m−1·K−1), h is the convection 

heat transfer coefficient (W·m−2·K−1) and Lc is the characteristic length (m): 

௖ܮ ൌ
ܸ
ܣ

 (2)

in which V and A are the volume (m3) and the surface area (m2) of the solid respectively. The premise 

in Equation (1) formulates the dimensionless Biot (Bi) number: 
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஼ܮ݄
݇

≪ 1 (3)

Bi physically represents the ratio of the heat transfer resistances inside and at the surface of the 

battery. To comply with the assumption of spatial temperature uniformity within the solid, the Bi has 

to be significantly less than 1 to be applied in this approximation method. A Bi < 0.1 would yield an 

error of <5% in a transient heat transfer model [49]. Thus it is commonly assumed that the lumped 

capacitance method is acceptable for situations with Bi < 0.1. If the Bi number is >1 this means that 

there would be temperature gradients within the body. The overall energy balance of the solid is given as:  

ρܸܥ௉
݀ܶ
ݐ݀

ൌ െ݄ܣሺܶ െ ஶܶሻ (4)

where ρ is the density of the solid (kg·m−3), V is the volume (m3), Cp is the heat capacity (J·g−1·K−1),  

T is the temperature of the solid and T∞ is the ambient air temperature. The term ρVcp is called the 

lumped thermal capacitance of the solid. The larger the lumped thermal capacitance of the solid the 

slower the solid’s response to temperature change. In order to find the temperature of the solid after a 

particular time, if the initial temperature of the solid is Ti, Equation (4) can be rearranged and 

integrated to form: 

ܶ െ ஶܶ

௜ܶ െ ஶܶ
ൌ ݌ݔ݁ ൤െ ൬

ܣ݄
௉ܥܸߩ

൰ ݐ ൨ (5)

Some research work have adopted the lumped capacitance approach given that it is favourable in 

instances when fairly accurate data is required concurrently with computational efficiency [50,51].  

For thermal modelling of LA batteries there are various MATLAB based battery thermal models 

available in the National Renewable Energy Laboratory’s (NREL) Advanced Vehicle Simulator 

(ADVISOR) plug-in [3]. ADVISOR has a lumped capacitance thermal model in which the heat 

transfer equations are based on the fact that heat generation in the core of the battery occurs because of 

the electrochemical reactions and resistive heating together influencing the battery’s temperature. The 

heat is conducted through the case material and then transferred through convection from the case’s 

external surface to the surroundings. The battery core and case are modelled as two separate isothermal 

nodes. All the associated components inside the case (cathode, anode, separators, active materials etc.) 

are assumed to be a single homogenous material with averaged properties. Other assumptions made in 

ADVISOR’s lumped capacitance model were: 

i The core and modules were assumed to be isothermal due to the high conductivity of the core. 

ii The temperature of the case is very close to the core/battery because of the low thermal mass of 

the case. 

The lumped capacitance thermal model in the ADVISOR simulation tool is integrated with its 

battery performance models and allows the user to predict the temperature changes in a EVs battery 

according to the drive cycle, air cooling flow rate and battery type. 

Another research paper that utilised lumped parameters to simplify the approach of their study was 

Hallaj, et al. [40]. Hallaj and his team designed a simplified one-dimensional thermal mathematical 

model with the lumped thermo-physical properties approach for Li-ion batteries. The goal of their 

study was to simulate temperature profiles inside Li-ion cells under different operating conditions and 
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cooling rates for scaled-up Li-ion cells (10 Ah and 100 Ah capacities). Some assumptions made in 

their study were [40]: 

i The cell is a thermally homogenous body with effective thermo-physical properties. 

ii The cell properties are independent of temperature over the range of operating temperatures. 

iii Heat is generated uniformly throughout the cell. 

Hallaj, et al. [40] then used a finite element method to solve the energy balance equation. The 

equations used in Hallaj’s study are summarised in Table 1. Finite elements methods will be discussed 

in Section 2.3. The energy balance and boundary conditions are presented in Equations (6)–(9). 

Initially the cell is assumed to be at a uniform temperature which is the ambient temperature. The heat 

generation rate Equation (15) was derived from Equations (11)–(14) which encompasses the heat 

generation due to overvoltage and entropy change, excluding heat of mixing. As in Equation (6),  

the model was restricted to radial heat transfer only because the magnitude of radial heat transfer is 

substantially bigger than axial heat transfer. This fact was previously proven experimentally [52].  

In their model Hallaj et al. measured the overpotential experimentally while entropy was estimated from 

the entropy coefficient (dEeq/dt) that was measured experimentally in another predating investigation [53]. 

The team based their model on a standard Sony Type US18650 Li-ion cell. 

Table 1. Thermodynamic formulas used in the simplified one-dimensional lumped 

parameters thermal model [40]. 

Thermodynamic formulas Variables 

Energy Balance 

߲ଶܶ
ଶݎ߲

൅
1
ݎ
	
߲ܶ
ݎ߲

൅
ݍ

݇௖௘௟௟
ൌ
1
α
߲ܶ
ݐ߲

 (6)

α ൌ
݇
ρܥ

 (7)

Boundary Conditions 

߲ܶ
௥ୀ଴ݎ߲

ൌ 0	 (8)

െ݇௖௘௟௟ 	
߲ܶ
௥ୀோݎ߲

ൌ ݄ሺܶ െ ௔ܶሻ (9)

Initial Conditions 

ܶ ൌ ௔ܶ	@ ݐ ൌ ݈݈ܽ	ݎ݋݂	଴ݐ  (10) ݎ

Heat Generation Rates 

ܳ ൌ ܩ∆ ൅ ܶ∆ܵ ൅ ௘ܹ௟ (11) 

ܩ∆ ൌ െ݊ܧܨ௘௤ (12) 

∆ܵ ൌ 	ܨ݊ ቆ
௘௤ܧ߲
߲ܶ

ቇ (13) 

௘ܹ௟ ൌ 	െ݊(14) ܧܨ 

ܳᇱ ൌ ܫ ൤൫ܧ௘௤ െ ൯ܧ ൅ ܶ
௘௤ܧ݀
ݐ݀

൨ (15) 
 

T = cell temperature (K) 
r = radial distance (mm) 
R = radius (mm) 
kcell = radial thermal conductivity (W·m−1·K−1) 
q = volumetric heat generation rate (W·L−1) 
t = time (s) 
α = thermal diffusivity (m2·s−1) 
Ta = ambient temperature (K) 
h = surface heat transfer coefficient 
(W·m−2·K−1) 
Q = overall heat generation (J) 
Q’ = overall heat generation rate (W) 
Wel = electric work (J) 
F = Faraday constant (96,486 mol−1) 
n = number of electrons 
Eeq = cell equilibrium voltage (V) 
E = cell voltage on load (V) 
S = entropy (J·mol−1·K−1) 
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To validate their model the team compared the simulated results to experimentally measured values. 

There was a discrepancy in the C/1 discharge rate which was deduced to be caused by the rapid rate of 

discharge which causes the heat to be generated non-uniformly throughout the cell, contradicting with 

the third assumption in study. Hallaj, et al. [40] inferred that at high discharge rates the temperature 

development close to the center of the cell would accelerate the local reaction rate and cause an earlier 

onset of the irreversible heat generation. Conversely at lower discharge rates, irreversible heat 

generation prevails only near the end of discharge. It was also believed that the quick discharge rate 

could have reduced the time for endothermic transformations to complete. The model results showed 

that at low discharge rates uniformity is more likely, thus the simulated results matched the measured 

values more closely. 

Hallaj, et al. [40] model was utilised to simulate temperature profiles of scaled-up Li-ion cells of 10 

and 100 Ah capacities. The scaled-up cell designs were based on the measured nominal capacity of the 

standard Sony cell and were assumed to have the same chemistry and to contain the same materials as 

the cell. In order to ensure that the lumped system of uniform temperature approach can be used for the 

scaled-up cell, the authors ensured that the Bi was sufficiently low (<0.1) in both scaled-up cell 

models. The findings of this study showed that the scaled-up cells were predicted to operate safely 

under natural cooling conditions at low to moderate discharge rates. However at high discharge rates, 

the cell temperature is predicted to rise substantially, possibly causing thermal runaway. 

2.3. Two-Dimensional Transient Finite Element Analysis Thermal Models 

Finite Element Method (FEM) is a numerical approach that can be used to model the thermal 

behaviour of ESS batteries. FEM finds an approximate answer to boundary value problems for partial 

differential equations. The method takes the total problem area and divides it into a finite amount of 

elements and uses variational methods to solve the problem by minimising the error. It is one of the 

most common numerical approaches and has been utilised by many researchers. Unlike the lumped 

parameters approach the FEM approach requires knowledge on each of the materials used in the ESS 

to achieve accurate results. The spatial temperature distribution in each element in the ESS pack is 

governed by: 

߲ଶܶ
ଶݔ߲

൅
߲ଶܶ
ଶݕ߲

൅
௧ሶݍ
݇
ൌ
1
ߙ
߲ܶ
ݐ߲

 (16)

where x and y are spatial directions, k is thermal conductivity (W·m−1·K−1), α = thermal diffusivity 

(m2·s−1) (Equation (7)) and ݍ௧ሶ  is the rate of internal heat generation per unit volume (Equation (20)). 

Similar to the lumped parameters approach data on the internal resistance as a function of operating 

temperature and entropy change as a function of SOC is also required. Additionally the internal 

resistance (Equation (18)) and entropy change (Equation (19)) have different values for different types 

and sizes of batteries. These variables are normally not published by battery manufacturers thus 

requiring experimental derivation or estimated using approximated formulas. Internal resistance can be 

found by experimental methods like the method outlined in Section 2.6. The change in entropy at 

different SOC can be measured based on its dependency with the ESS open circuit voltage as inferred 

in Equation (21). Equation (17) can be modified to form Equation (20) as presented in Table 2. 



Energies 2015, 8 10160 

 

 

Table 2. Thermodynamic formulas used in the two-dimensional transient finite element 

analysis thermal model [31]. 

Thermodynamic formulas Variables 

Heat Generation 

ܳ௧ ൌ ܳ௡ ൅ ܳ௦ (17)

ܳ௡ ൌ ை஼ܧሺܫ െ ܸሻ (18)

ܳ௦ ൌ െܶܫ
ை஼ܧ݀
ݐ݀

 (19)

௧ሶݍ ൌ ܴ௜݅ଶ െ ܶ∆ܵ
݅
ܨ݊

 (20)

∆ܵ ൌ ܨ
ை஼ܧ݀
݀ܶ

 (21)

ை஼ܧ݀
ݐ݀

ൌ 	temperature	coefficient (22)

Qt = total heat generation rate (W) 
Qn = Internal resistance (Ri) heat generation (W) 
Qs = reversible entropic heat 
generation/consumption (W) 
I = current (Idis > 0 and Ich < 0) (A) 
EOC = open circuit voltage (V) 
V = cell voltage (V) 
 ሶ௧= rate of internal heat generation per unit volumeݍ
(W·m−3) 
i = discharge current/unit volume (A·m−3) 
n = number of electrons (n = 1) 

Karimi, et al. [31] who in their investigation of a thermal management system for Li-ion batteries 

for EVs utilised a FEM approach with the fundamental heat transfer principles and the performance 

characteristics of commercial Li-ion battery to investigate the thermal and electrical performance of a 

battery pack at various rates of discharge. Karimi, et al. [31] considered thin-film flat type of Li-ion 

batteries for their analysis. 

The authors of this study used experimentally measured internal resistance data (Ri) for the  

cylindrical SONY-US18650 as a function of the SOC and temperature from a secondary source for  

their analysis [54,55]. The Ri (Ω·m3) was assumed to be similar between a flat and cylindrical battery. 

The experimental data were curve fitted for numerical implementation: 

ܴ݅	 ൌ 	2.258	 ൈ	10ି଺ ଴.ଷଽହଶିܥܱܵ ݎ݋݂ ܶ ൌ 20 °C (23) 

ܴ݅	 ൌ 	1.857	 ൈ	10ି଺ ଴.ଶ଻଼଻ିܥܱܵ ݎ݋݂ ܶ ൌ 30 °C (24) 

ܴ݅	 ൌ 	1.659	 ൈ	10ି଺ ଴.ଵ଺ଽଶିܥܱܵ ݎ݋݂ ܶ ൌ 40 °C (25) 

Additionally similar to Rad, et al. [44], for a better approximation Karimi & Li considered the 

effects of entropic heat generation. The methodology used was to measure the dependence of the 

battery open circuit voltage on the temperature at different SOCs based on the thermodynamic formula 

from Inui, et al. [54] (Equation (21)). 

The study claims that based on the experimental results, ΔS varies with SOC approximately 

following this range of equations: 

ܵ߂ ൌ ܥܱܵ	99.88	 – 76.67 ݎ݋݂ 0 ൑ ܥܱܵ ൑ 0.77 (26) 

	ܵ߂ ൌ ݎ݋݂	30	 0.77 ൏ ܥܱܵ ൑ 0.87 (27) 

	ܵ߂ ൌ 	െ20 ݎ݋݂ 0.87 ൏ ܥܱܵ ൑ 1 (28) 

The structure of the model analysed is presented in Figure 2. The authors believed that because of  

the thin-film cell design, the thermal properties of different layers would greatly differ and would 

substantially influence the heat transfer behaviour within the battery. Thus a transient two-dimensional 
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thermal model for the battery pack with heterogeneous thermal-physical properties for the various 

layers was developed. 

 

Figure 2. Schematic of Li-ion battery used in finite element analysis model [31]. 

The model was used to evaluate the efficacy of various thermal management methods for optimal 

operation of the battery pack. Boundary conditions were defined where applicable including at the 

boundary of the thermal management media and the external boundary of the battery pack. The whole 

computational domain (including the ESS container and thermal management channels) were divided 

into divisions of appropriate sizes and the governing equations were discretized for the various regions. 

Different mesh sizes were chosen for the various cell layers depending on their thermal diffusivity  

values and the expected temperature gradients. The implicit alternating-direction method was applied 

together with the boundary conditions, into finite difference forms which were then solved by the 

Thomas algorithm. 

Figure 3 presents the simulated result of the temperature distribution in the ESS pack at the end of  

a 2C discharge cycle. The authors used their model to study the effect of the presence of thermal 

management media/channels on the temperature distribution of the ESS. These channels are illustrated 

in Figure 2. The model was also used to optimise the size and location of the channels to design an 

effective distributed cooling system that would improve the thermal performance of the ESS.  

The result of the higher performing optimised model is shown in Figure 3. 
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Figure 3. Simulated temperature distribution results indicating the effectiveness of the 

optimised thermal management system; (a) Base model; (b) Optimised model [31]. 

2.4. Numerical Thermal Behaviour Model with Analytical Validation 

Xun, et al. [56] also used a numerical approach to study the effect of cooling channel design on the 

thermal behaviour of flat plate and cylindrical Li-ion ESS stacks during discharging processes. 

However in their study an analytical model was also developed to compare between the numerical and 

analytical results which was to be used as evidence to justify the models. The energy balance equation 

used in the analytical model for a battery unit in contact with the cooling channel is given as: 

ρ௕௔௧ܥ௣	௕௔௧ܣሺ ଵܶା∆௧ െ ଵܶሻ ൌ ൫ݏ݄ ௙ܶ െ ଵܶ൯∆ݐ ൅ ݇௕௔௧ݏሺ ଶܶ െ ܶሻ ൅ ௧ሶݍ (29) ݐ∆ܣ

On the other hand for the other battery units the energy balance is given as: 

ρ௕௔௧ܥ௣	௕௔௧ܣሺ ଵܶା∆௧ െ ଵܶሻ ൌ ݇௕௔௧ݏሺ ௜ܶିଵ ൅ ௜ܶାଵ െ 2ܶሻ ൅ ௧ሶݍ (30) ݐ∆ܣ

whereby 	ρ௕௔௧, ݇௕௔௧ and ܥ௣	௕௔௧ are the density, conductivity and specific capacity of the battery unit,  

A is the volume of each battery unit (m3), s is the surface area of the battery unit (m2), Ti is the volume 

averaged temperature of the battery unit i (°C), and t is the time instance (s). The convection 

coefficient h (W·m−2·°C−1) is given as: 

݄ ൌ
௔݇ݑܰ
ܮ

 (31)

whereby Nu is the Nusselt number, ka is the conductivity of air an L is the length (m) along the cooling 

channel. The initial conditions, material properties and heat generation variables were the same in the 

analytical and numerical approach. Both approaches used Equation (20) for the heat generation rate, 

Equations (23)–(25) for internal resistance and Equations (26)–(28) to model change in entropy.  

The analytical model can then be used to calculate the temperature in the ESS units at different time 

instances one by one. The results showed were reasonable agreement between the analytical and 

numerical models. 
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Xun, et al. [56] then applied the numerical model to investigate the effect of the size of the cooling 

channel. The goal of their investigation was to find the best balance between compactness and cooling 

energy efficiency of the ESS battery stacks. The study found that the volume ratio of cooling channel 

to battery needs to be higher than 0.014 when the inlet Reynolds number of cooling air is ≥2000 with a 

2C discharging rate. In their comparison of cylindrical and flat plate design, the authors found that the 

general thermal behaviours are similar between the two designs however the cylindrical ESS stacks are 

generally less compact and more energy-efficient than the flat-plate ESS stacks. 

In a later released work which was a continuation of this investigation, Xun and his team applied 

this numerical model to investigate the effectiveness of air, liquid and phase change materials (PCM) 

cooling mediums with regards to achieving a homogeneous temperature distribution within the desired 

range [16]. The findings of that study indicated that in normal ambient temperatures, liquid cooling 

displayed the best cooling effect whilst using PCMs for cooling achieved the most homogeneous 

temperature distribution with and acceptable cooling effect. PCM based thermal management systems 

have previously been shown to be effective with regards to uniform temperature distribution for  

ESS [57]. PCMs also perform well under very cold ambient temperatures for example in space 

applications [58]. The study highlighted the importance of choosing an appropriate cooling media and 

strategy in fast discharge conditions and low ambient temperatures. The results showed that for the 

ESS studied at a high 4C discharge under mild temperatures all three cooling medium investigated 

were not appropriate. 

2.5. Finite Volume Thermal Model 

In recent years finite volume numerical solutions like the Computational Fluid Dynamics CFD 

approach has developed to become a useful tool for science and engineering simulations. CFD has 

been applied for the thermal analysis of ESS [47,59–66]. Though computational intense, if used 

properly the approach can derive very accurate results. 

He, et al. [60] developed a 2D CFD model for their investigation of the thermal management of 

multiple cells Li-ion modules. The model results were validated experimentally. The experimental 

layout consists of an open wind tunnel and a customised 4.6 Ah and 14.8 V battery module with 

multiple thermocouples to measure the cell temperatures. The experimental battery was tested for 0, 1, 

2.5 and 5 m/s air flow velocities. The 2D CFD modelling and simulation was performed with 

ANSYS/FLUENT 14. The model was simulated for air flow velocities of 0.1 to 10 m/s corresponding 

to a Reynolds number of 356.9 to 356,900 for the model. This covers both the laminar flow regime and 

the fully developed turbulent flow regime. Heat conduction was assumed to occur only in the radial 

and azimuthal directions. For heat generation only Ohmic heating was considered. The authors 

believed that entropic heating is relatively small compared to Joule heating [60]. Thus for this model 

heat generation (Q) was given by: 

ܳ ൌ ሻ (32)ݐሻଶܴሺݐሺܫ

where I is the charging or discharging current and R is the internal resistance as a function of cell 

temperature (T) given by: 

ܴ ൌ െ0.0001ܶଷ ൅ 0.0134ܶଶ ൅ 12.407 ሺmΩሻ (33)
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The authors agree that this approximation of R is only applicable to the type of battery used in the 

model. Additionally it was also agreed that this approximation neglects the fact that the heat generation 

is a function of SOC. The authors believe this is justified due to the relatively small dependence of R 

on SOC. Besides that the approach used here also only considers the dependence of Q on SOC and 

neglects the effects the operating temperature has on Q. This was justified by the authors because the 

results obtained showed a small increase in cell temperature (< 5 °C). The authors accept that this 

model cannot be applied accurately for a wide range of ambient temperatures. The authors also 

investigated the effects of the wall/enclosure distance in the battery module. Overall this method 

showed good agreement with experimental data. However given the assumptions made in this 

approach, it is only valid for a fixed range of ideal ambient temperatures. The authors acknowledge 

this and in their ongoing work attempts to generalise the approach for applications where the 

temperature varies in a wide range. 

2.6. Adaptive Thermal Model 

Numerical modelling approaches can be applied concurrently with experimental calibration to form 

a hybrid approach of sort to model the thermal behaviour of ESS. It involves conducting experiments 

to collect data on the current (I), potential (E) and temperature (T) and then using this data to derive the 

equilibrium potential (Eeq) at each SOC and temperature. 

The potential difference from the Eeq, the overpotential, is a substantial source of heat within the 

battery when multiplied to the applied current. For simplification the total overpotential (ηt) can be 

deduced to be caused by the sum of [44]: (i) the Ohmic losses in the battery (ηΩ); (ii) the diffusion and 

migration of Li ions through the electrolyte (ηm); (iii) the diffusion of Li-ion inside the electrodes (ηd); 

(iv) the charge transfer reactions at the electrode/electrolyte interface (ηct): 

௧ߟ ൌ ܧ	 െ ௘௤ܧ ൌ ఆߟ ൅ ௠ߟ ൅ ௗߟ ൅ ௖௧ (34)ߟ

The Eeq of the cell is determined by plotting the discharge currents as a function of extracted charge, 

then using Polynomial Regression (PR) to extrapolate towards zero current. The PR method generates 

accurate quick results compared to other methods [9]. ηt is calculated by subtracting the Eeq from the 

corresponding experimentally measured cell potential (E) at each SOC. Once the overpotential heat 

generation is known the energy balance equation is solved with just this component of heat generation. 

The other heat component, the change in entropy (ΔS) is derived from the change in Gibbs free  

energy (ΔG): 

ܩ∆ ൌ ܪ∆ ൅ ܶ∆ܵ (35)

The equation can be rearranged and the partial derivatives of G, H and S taken to derive the 

equation for ΔS as: 

∆ܵ ൌ ܨ݊ ቆ
௘௤ܧ߲
߲ܶ

ቇ
ௌ௢஼,௉

 (36) 

After obtaining Eeq at various temperatures as a function of SOC, a finite difference approach is 

used in an unconstrained non-linear optimisation loop to estimate ∂Eeq/∂T in Equation (36) by 

minimising the error between the calculated and measured cell temperatures. The procedure in the 
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approach is shown in Figure 4. All the relevant equations used in this analysis and referred to in  

Figure 4 are shown in Table 3. 

This approach was applied by Rad, et al. [44]. The team designed an adaptive thermal modelling 

method for a Li-ion battery that used experimental data to derive the equilibrium potential 

subsequently the overpotential heat generation while using a numerical finite difference method to 

estimate the heat generation due to the change in entropy. This model was a continuing work from 

another previous adaptive thermal modelling investigation by one of the authors [67]. Previously some 

other models assumed the change in entropy was constant [68–70]. Rad, et al. [44] speculated that the 

SOC dependent change in entropy is an important heat source that is essential to include in order 

accurately predict the thermal behaviour of Li-ion ESS batteries under a wide range of  

operating conditions. 

The research team experimentally investigated a 7.5 Ah Li-ion battery operating at ambient 

temperatures of 0, 20 and 40 °C. The experimental aspects involves cycling the ESS at a constant 

current constant voltage (CCCV) charging until the maximum cell potential 4.2 V is achieved, then 

relaxing the system for 3 h and finally discharging at constant current (CC until 2.7 V). Discharging 

was conducted at various C-rates. The temperature development of the cell was measured by the 

potential drop across thermistors connected to the battery tester via the auxiliary voltage input.  

In a climate control box, a water bath was used to control the ambient temperature. The team evaluated 

the thermal behaviour of the cell at the ambient temperatures investigated. 

 

Figure 4. Experimental and modelling procedure for predicting the thermal behaviour of  

Li-ion batteries using this adaptive approach [44]. 
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Table 3. Thermodynamic formulas for the adaptive thermal model [44]. 

Thermodynamic formulas Variables 

Energy Balance 

௉ܥ݉
݀ܶ
ݐ݀

ൌ 	ܳ௧
௜௡ െ	ܳ௧

௢௨௧ (37)

Heat Generation 

ܳ௧
௜௡ ൌ ܳ௡ ൅ ܳ௦ (38)

ܳ௡ ൌ (39) 	ܫ௧ߟ

௧ߟ ൌ .ݍܧሾ	ݕ݈݈ܽݐ݊݁݉݅ݎ݁݌ݔ݁ ሺ34ሻሿ (40)

ܳ௦ ൌ 	െ
ܵ∆ܶܫ
ܨ݊

 (41)

∆ܵ ൌ 	ܨ݊ ቆ
௘௤ܧ߲
߲ܶ

ቇ
ௌ௢஼,௉

 (42)

ቆ
௘௤ܧ߲
߲ܶ

ቇ ൌ ݀݁ݒ݈݋ݏ	ݕ݈݈ܽܿ݅ݎ݁݉ݑ݊  (43)

Heat Dissipation 

ܳ௧
௢௨௧ ൌ ܳ஼ ൅ ܳோ	 (44) 

ܳ஼ ൌ ሺܶܣ݄ െ ௔ܶሻ (45) 

ݑܰ ൌ
݄݀
݇
ൌ 0.36 ൅

0.518ܴܽ
ଵ
ସ

൥1 ൅ ቀ0.559ܲݎ ቁ

ଽ
ଵ଺
൩

ସ
ଽ (46) 

ܳோ ൌ ሺܶସܣߝߪ െ ௔ܶ
ସሻ (47) 

 

m = mass of cell (g) 
CP = specific heat capacity (J·g−1·K−1) 
T = temperature (K) 
t = time (s) 
ܳ௧
௜௡ = all processes that generate heat (W) 

Qn = overpotential heat generation (W) 
ηt = total overpotential (V) 
Qs = entropic heat generation or consumption (W) 
∆ܵ = entropy change (J·mol−1·K−1) 
n = number of electrons transferred 
F = Faraday constant 
I = Current through individual electrodes (A) 
ܳ௧
௢௨௧ = Heat dissipate from cell (W) 

QC = Heat convection (W) 
QR = Heat radiation (W) 
h = convective heat transfer coefficient(W·m−2·K−1) 
A = surface area of cell (m2) 
Ta = ambient temperature (K) 
Nu = Nusselt number 
d = diameter of battery (m) 
k = air thermal conductivity (W·m−1·K−1) 
Ra = Rayleigh number 
Pr = Prandtl number 
σ = Stefan–Boltzmann constant 
(5.67 × 10−8 J·s−1·m−2·K−4) 
ε = emissivity factor of the battery surface material 

The results indicated that while discharging down to 30% SOC, the entropic heat is endothermic 

and consumes energy from the environment consequently reducing the temperature. However below 

30% of SOC, the discharge reaction becomes exothermic and the cell temperature increases.  

An interesting observation from this study is that in some of the initial stages of the charging process 

and the main part of discharging process, entropic heat generation, Qs is negative and counteracts the 

positive overpotential heat generation (Qn) even to the point of making the total heat generation 

negative in these regions. In these regions the battery consumes energy from the environment.  

Hence in spite of the positive Qn the temperature falls as the Qs is more prevalent. This entropic heat 

generation behaviour has also been shown in other newer analysis [28]. 

Another crucial finding of this study was that the ΔS contribution to heating is much more dominant 

at higher temperatures. The accuracy of the temperature profile in this study improved significantly by 

introducing ΔS. This was observed in all operating temperatures especially at elevated temperatures. 

Thus Rad, et al. [44] achieved a more accurate model by introducing ΔS as a function of SOC into the 

model. The advantage of this hybrid approach applied by Rad and his team is the high level of 

accuracy achievable if the experimental aspects are conducted properly. However this can also be a 
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disadvantage given the high risk for errors due to the strong reliance on experimentally derived inputs 

for the model. 

2.7. Other Numerical Thermal Model Applications 

In recent years numerical modelling techniques are the prevalent approach for modelling thermal 

behaviour of ESS [71–79]. With the continuous increase in computational power and the better 

understanding of ESS materials, numerical approaches have the potential to produce very  

accurate results. 

To meet the demand for efficient thermal management systems for ESS applications driven by the 

HEV and EV industries, researchers have experimented with various new methods to better manage  

heat removal. One of such novel methods is utilising multiple mini-channel liquid cooled cylinders 

(LCC) [80]. Zhao, et al. [80] used a numerical approach thermal model to optimise the design of the 

LCCs by fine tuning the channel quantity, mass flow rate, entrance size and flow direction to in the 

goal of maximising heat dissipation. In a similar study Zhao, et al. [81] used a numerical approach in 

optimising the ventilation type, gap spacing size, environmental and entrance air temperature, amount 

of single row cells and cell diameter on cooling effectiveness of several different battery modules. 

In an older study Pesaran, et al. [82] investigated a passive thermal management system using 

strategically placed holes between the cells. The results concluded that an ESS pack with no air flow 

can reach hazardously high temperatures and strategically placed holes can substantially improve the 

thermal performance of the pack. This finding contributed to the design of many ESS available today. 

A finite element model was designed a few years later by one of the authors of the previous study to 

demonstrate the results of a module with holes obtaining a much lower maximum operating 

temperature and much lower core temperature difference [46]. 

Yu, et al. [83] explored a novel bi-directional air cooling mechanism to improve the temperature 

uniformity of the Li-ion ESS packs. A 3D thermal model for a CA180 ESS was designed using inputs 

from experimental measurement of thermal and physical properties of the materials. The electrical 

resistance and temperature coefficient (∂EOC/∂T) as a function of SOC were measured at a 1C 

discharge rate. Similar to other numerical approaches for convenience and adequate accuracy during 

transient analysis, the electrical resistance and temperature coefficient were fitted by 8th order and 6th 

order polynomials as a function of SOC. The numerical simulation results were compared directly with 

experimental data to validate the model. The comparison yielded a maximum error of the temperature 

between the simulation and experimental results of <1 °C. The results of this study indicated for the 

CA180 battery pack modelled at the test ambient temperature of 24 °C and 1C discharge rate,  

the temperature rise of was approximately 18 °C. The maximum temperature difference among the 

cells was >10 °C with an 8 °C temperature difference in the cell. The temperature rise was deemed to 

be detrimental to the lifetime of the ESS. The authors then modelled the proposed 2-directional air 

flow cooling mechanism with success in limiting the temperature difference in a cell to <5 °C.  

Park [84] also used a numerical modelling approach to optimise the design of air cooling system for 

Li-ion batteries used in HEVs. 

Heat pipes have also been widely investigated as a thermal management mechanism for HEVs and 

EV Li-ion ESS [85–89]. Ye, et al. [85] used a numerical approach to study and optimise various 
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design parameters for a heat pipe thermal management system including the number of pipes and the 

usage of heat fins/spreaders. The results of the transient simulation during ESS charging in the study 

had a 3.6% deviation from experimental testing at higher C rates (5C and 8C). The study found that a 

heat pipe thermal management system incorporated with an ESS can maintain safe operating 

temperatures for Li-ion batteries charged at a high C rate up to 8C. 

3. Behavioural Models 

Electrical Equivalent Circuit Thermal Models 

Behavioural models use an electro-thermal approach in which electrical equivalent circuits are used 

to represent and model the development of the cell temperatures [90]. The thermal properties are 

represented by equivalent electrical quantities; temperature by voltage, heat flux by current, conductive 

resistance by conductive conductance, convective resistance by convective conductance and heat 

storage by capacitance. The aim of this thermal modelling approach is to build a direct correlation 

between the circuit elements and the electrochemical phenomena inside the cell. 

Based on the problem, the number of RC blocks typically ranges from one to two. Huria, et al. [91] 

claimed that more RC blocks increase computational effort without significantly improving model 

accuracy and a single RC block model is sufficient for problems of industrial relevance. An illustration 

of a single RC block equivalent circuit model containing a resistor (R1) and capacitor (C1) is shown in 

Figure 5. R0 represents the Ohmic internal resistance. 

 

Figure 5. Equivalent circuit model with one RC block. 

The four independent components of the equivalent circuit modelling approach (Figure 5) vary 

depending on SOC and the assumed uniform average inner cell temperature. These components are 

normally experimentally derived via parameter estimation routines for various discharge experiments 

at various temperatures. The results were used to supply 2D lookup tables for these components.  

The SOC is given as: 

SOC ൌ 1 െ
׬ ݐ௠݀ܫ
௧
଴

ொܥ
 (48)

where Im is the main branch current (A) and CQ is the cell capacity which is a function of current and 

temperature. The temperature is computed by solving the thermal equation of a homogeneous entity 

exchanging heat with the environment using: 



Energies 2015, 8 10169 

 

 

௣ܥ
݀ܶ
ݐ݀

ൌ െ
ܶ െ ௔ܶ

்ܴ
൅ ௦ܲ (49)

whereby Cp is heat capacitance (J·m−3·K−1), T is the inner cell temperature (K), Ta is the ambient 

temperature (K), RT is the convection resistance (W·m−2·K−1) and Ps is the power dissipated inside the 

cell (W). Applying a Laplace transformation via a transform variable (s) on Equation (49) yields: 

ܶሺݏሻ ൌ ௦ܲ ்ܴ ൅ ௔ܶ

1 ൅ ݏ௣ܥ்ܴ
 (50)

Given its simplicity and quick formulation the equivalent circuit thermal modelling approach is a 

common theoretical modelling technic for modelling electrochemical behaviour for ESS especially at a 

systems level [29,59,91–98]. This method was the ideal approach for the task of continuously 

monitoring the temperature distribution of an ESS for Xiao [29]. In this study an equivalent circuit 

model was used concurrently with a small number of physical sensors to estimate the temperature 

distribution throughout the remaining larger area of an ESS in real time. The equivalent circuit model 

in the study estimated the thermal distribution of the battery with negligible error in less than 15 s.  

For comparison a numerical model was also developed by the author. The numerical model had an 

error of 0.01 °C with a computational time of more than an hour while the equivalent circuit model had 

a larger error of 0.1 °C however the computational time was greatly reduced to less than 2 s. 

4. Conclusions 

This paper reviewed various theoretical models used to simulate the thermal behaviour of ESS to a 

high degree of accuracy. These models apply the concept of conservation of energy to solve for the 

temperature distribution in ESS. Knowing the temperature distribution in an ESS module is vital to 

ensure ideal operating temperatures as well as to minimise the temperature variations along the 

module—both prolonging the life of the ESS. 

It has been shown in some of the researched papers that only considering the Ohmic heating and 

entropic heating/cooling as the two sources of heat generation is sufficient to produce precise results 

that agree with experimental results. Ohmic heating and entropic heating/cooling variables can be 

difficult to measure experimentally in all cases. There are estimation methods for these two variables 

formulated from previous experimental findings. Using these approximated values for both variables 

can produce sufficiently accurate results concurrently saving considerable time. 

The papers researched through this review work indicate that in some instances using a simple 

approach like lumped capacitance and equivalent circuit thermal modelling approaches can produce 

accurate results. Lumped capacitance and equivalent circuit methods can be accurate enough for larger 

whole systems modelling saving much result processing and model setting-up time. Recently with the 

increase in computational power available to researchers, numerical methods have been one of the 

favoured approaches. If the numerical model including its thermo-physical properties, initial and 

boundary conditions have been set up well, numerical approaches can produce very accurate results. 

Besides that, numerical methods applied using modern software packages have the potential of 

generating useful visual representations of the model that can greatly assist designers in improving the 

aspects of the ESS like the design of the thermal management system. 
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In conclusion using theoretical modelling techniques can save substantial time and money in 

designing thermal management systems for ESS. Each model has its own advantages and 

disadvantages. It is often a trade-off between accuracy and complexity in modelling these systems. 

Time and computational resources are other factors that affect the functionality of the model. Refining 

the model with experimental data can produce much more accurate results where necessary. Table 4 

summaries the advantages and disadvantages of each modelling approach discussed in this paper. 

Table 4. Summary of the different thermal modelling approaches for ESS battery systems. 

Method Advantages Disadvantages Recommended applications 

Lumped 

Capacitance 

Thermal 

Approach 

The main advantage of the lumped 

parameters method is that it is a simple 

method with a minimum set of data 

required to develop a satisfactory model 

to predict the thermal behaviour of  

Li-ion batteries [40]. 

Rather than setting all the characteristics 

and material types like required in a FEA 

or CFD analysis, the method “lumps” the 

characteristics together assuming the 

differences within each of these groups 

are not critical [99]. 

This makes it quick to design and run 

providing directionally correct estimates 

of the thermal performance of the ESS. 

The lumped capacitance approach is 

commonly adopted within other 

approaches like the equivalent circuit 

approach and some numerical 

approaches in order to simplify the  

complex problem. 

The main disadvantage of this method is 

that there is a physical constraint to the 

possible applications due to Bi number 

limitations. Lumped parameters can 

only be used to model applications  

with Bi < 1. 

Bi is affected by large cell diameters 

and/or high heat transfer coefficients, 

limiting the application of the lumped 

parameters approach. This can be the 

case for many liquid cooling situations 

which are high h applications [100]. 

Additionally the results of Hallaj,  

et al. [40] indicated inaccuracy at a 

higher discharge rate of 1C-rate and 

abnormal operating conditions like 

extreme hot or cold operating 

temperatures. 

System level modelling that requires 

fast processing time. 

The lumped parameters method is 

suitable for ESS thermal behaviour 

modelling under normal conditions of 

battery use for example under  

non-extreme operating  

temperatures [52]. 

Numerical and 

Analytical 

Thermal 

Models 

The main advantage of numerical 

methods like FEM and CFD is that these 

approaches are not very complex but it 

can yield a good level of accuracy. 

Applying heterogeneous  

thermo-physical properties can further 

improve the level of accuracy at the 

expense of computational time [31]. 

Computational time can be saved if the 

model is symmetrical. 

Adopting curved fitted thermal properties 

for Ri and ΔS is convenient but marginally 

compromises accuracy [31,44]. In most 

instances this is acceptable. 

The disadvantage of this methodology is 

that it relies on accurate measurement or 

representation of the physical ESS 

model as well as a sound knowledge of 

the chemical and material compositions 

for an accurate representation. 

Also this method can be computational 

intensive depending on the 2D/3D 

model designed. This can limit the 

system model size based on a practical 

computational time. 

Numerical methods like FEA and CFD 

are inflexible and specific to the 

particular battery analysed. 

Applications where a high level 

accuracy is required. 

Symmetrical models can benefit from 

a reduced computational domain 

hence processing time. 

Ideal for ESS cell  

level modelling. 

Numerical methods are an ideal tool 

when specific knowledge of the 

battery thermo-physical properties  

are known. 

Useful tool for system design 

optimisation for example as  

applied in [80–85]. 
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Table 4. Cont. 

Method Advantages Disadvantages Recommended applications 

Equivalent 

Circuit 

Thermal 

Models 

General behavioural models like 

equivalent circuit models are faster, more 

flexible and easier to formulate 

compared to numerical models. 

Minimal computational effort is required 

since in behavioural models the 

information regarding the different 

materials and associated thermo-physical 

properties within the cell are  

minimal [29]. 

Similar to the lumped capacitance 

approach the disadvantage of the 

equivalent circuit approach is that it is 

potentially less accurate because the 

models calculates an average 

temperature for the entire chemistry 

within the battery unit [96]. 

System level modelling that requires 

fast processing time. 

On-field or compact ESS battery 

thermal management systems [29]. 

The equivalent circuit approach is an 

ideal approach for systems level 

integration of ESS. 

The equivalent circuit approach is also 

useful for electro-thermal modelling 

in which electrical behaviour 

modelling is also required. 

It is important to note that the other vital part of ESS thermal management systems is the ability to 

monitor in situ the operating temperature of the ESS. The operating internal temperature of the ESS  

is critical, however it is very difficult to monitor in practice. It is usually not measureable in field.  

The overall aim is to have a combination of active monitoring of the surface temperature in 

combination with in situ modelling of the internal temperature and active control of the thermal 

management system. Research efforts are being directed towards this aim [101–103]. 

Nonetheless most of these models were designed with vehicular applications in mind. The operating 

conditions for stationary applications greatly vary to that of a moving vehicle. The rate of discharge, 

depth of discharge and even the cooling/heating media available can be different. Besides that all of these 

models were designed for normal operating temperatures. In most places, conditions that can be classified 

as abnormal operating conditions are common. As a next step the knowledge and experience from the 

modelling tools used in these approaches researched can be adapted to design thermal models for 

stationary ESS renewable energy storage applications operating at a wide range of operating temperatures. 
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