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A B S T R A C T   

As traditional battery systems, lithium iron phosphate (LFP) batteries have better safety but lower energy density 
and nickel manganese cobalt oxide (NMC) batteries have higher energy density but poorer safety. In this work, 
we design a hybrid battery pack that has both higher energy density and higher battery safety. By analyzing the 
thermal properties of battery packs with aligned, staggered, and staggered arrangements, it can be concluded 
that the aligned arrangement has superior cooling efficiency and space-efficient optimization compared to the 
other arrangements, which have shorter flow paths to minimize air energy loss and reduce pressure drop. 
Notably, we design the optimal arrangement to avoid placing the NMC cells near the air outlet, to avoid NMC 
concentration, and to decentralize the LFP cells to reduce the relatively high maximum temperature and tem
perature difference. This hybrid battery pack is expected to give a boost to lithium-ion battery applications.   

1. Introduction 

With the swift progression in the field of electric vehicles (EVs), the 
lithium-ion batteries (LIBs), as the most promising energy source, have 
drawn great attention for their longer life, higher energy density, lower 
self-discharge rate (Yang et al., 2022; Zhang et al., 2021; Lai et al., 2022; 
Lu et al., 2013). However, improving energy density and thermal safety 
of LIBs is the most important challenge. The narrow optimal operating 
temperature range leads to the significant reduction of their cycle life at 
extreme operating temperatures. Battery thermal management system 
(BTMS) is an optimal approach to remedy these issues. 

Multiple BTMS are dedicated to ensure the effective thermal control 
of LIBs, including air-based (Chen et al., 2021; Chen et al., 2017), water- 
based (Tang et al., 2019; Li et al., 2018), phase change material based 
(Guo et al., 2018; Wang et al., 2024; Li et al., 2023) cooling techniques. 
An efficient BTMS should ensure the working temperature within 20 ◦C 
to 40 ◦C and the temperature disparity less than 10 ◦C in the pack (Cao 
et al., 2021; Li et al., 2018; Fan et al., 2013). Among various cooling 
method, air-cooled is most wildly used with simplicity and low cost, but 
the efficiency is lower than other cooling techniques (Mahamud and 
Park, 2011; Chen et al., 2016). 

A reasonable arrangement and spacing design of batteries can 
effectively improve the efficiency of air-cooled. The theory and methods 
in the field of lithium-ion battery air cooling are quite comprehensive, 

and these methods and conclusions have guiding significance for this 
work (Peng et al., 2019; Yang et al., 2015; Lu et al., 2018; Li et al., 2019; 
Peng et al., 2019; Ji et al., 2019). These methods can be beneficial in 
evaluating the system’s response to transient conditions under dynamic 
operating scenarios, effectively enhancing the system’s stability and 
accuracy. Fan et al. (Fan et al., 2019) explore the air-cooled performance 
of cylindrical battery packs revealing that the aligned battery pack not 
only has the lower average temperature but also consumes up to 23 % 
less energy loses than the cross packs. Liao et al. (Liao et al., 2019) find 
the average temperature of each battery decreases with increased lon
gitudinal spacing, and the optimal design reduces the battery pack 
maximum temperature by 2.7 ◦C. Further studies indicate the uniformity 
of temperature is primarily affected by longitudinal pressure drop 
caused by longitudinal spacing (Kirad and Chaudhari, 2021; Mahamud 
and Park, 2011). Wang et al. (Wang et al., 2014) indicate that forced air- 
cooled is effective with an axisymmetric module structure, and Ji et al. 
(Ji et al., 2019) find geometric ratios arrangements to improve tem
perature uniformity, reducing the maximum temperature difference by 
2.7 K. 

To predict the effectiveness and performance of the BTMS, simula
tion calculation is an efficient and convenient method. Generally used 
battery models include the equivalent circuit model (ECM) (Wang et al., 
2022; Jeon et al., 2023), single particle model (SPM) (Andrea et al., 
2019; Tian et al., 2021), and pseudo-two-dimensional model (P2D) 
(Fuller et al., 1994; Doyle et al., 1993). 
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The ECM and the SPM can rapidly calculate macroscopic electro
chemical behaviors, but neglect the intricate mass transport phenomena 
or thermal behavior within the LIBs. The P2D model, developed by 
Doyle and Newman (Fuller et al., 1994; Doyle et al., 1993), is one of the 
most precise models for describing the performance of LIBs. Based on the 
electrochemical equations, the P2D model reveals the chemical and 
physical characteristics of the LIBs. In our work, the P2D model is uti
lized to accurately predict the hybrid battery pack’s electrical, chemical, 
and thermal behavior. 

Nickel manganese cobalt oxide (NMC) and lithium iron phosphate 
(LFP) batteries are the mainstream batteries in the EVs market (Deng 
et al., 2020; Wu et al., 2019). However, they both have obvious disad
vantages limiting their application. On the one hand, NMC batteries 
have thermal safety hazards and higher cost (Sato, 2000; Zhang et al., 
2022). On the other hand, LFP batteries have lower energy density and 
the inaccurate SOC estimation (Chen et al., 2018; Farmann and Sauer, 
2017). Previous research in hybrid battery systems, including combi
nations of LIBs with lead-acid batteries (Münderlein et al., 2020; Thien 
et al., 2022) and LIBs with supercapacitors (Hui and Minghai, 2021; 
Mesbahi et al., 2021), demonstrates the potential of these systems to 
leverage the strengths of each technology. These hybrid systems aim to 
optimize energy density, power output, safety, and lifespan, showcasing 
the wide-ranging possibilities for enhancing battery technology. In this 
work, a specific BTMS for a hybrid battery pack has been developed to 
enhance energy density with NMC and confirm LIBs’ safety with LFP. 
This hybrid battery pack synergistically combines the distinct advan
tages of two battery types: the LFP batteries, known for their safety and 
cost-effectiveness, and the NMC batteries, recognized for their high 
performance. Building upon previous studies on hybrid battery packs 
(Münderlein et al., 2020; Li et al., 2021), we employ a SOC estimation 
and coordination method that accurately reflects the overall accurate 
SOC of the entire hybrid battery pack (Wang et al., 2023). The P2D 
model is used to accurately predict the hybrid battery pack’s electrical, 
chemical, and thermal behavior. The three-dimensional model of 18,650 
battery is used comprehensively analyze the influencing factors of the 

hybrid battery arrangement. Our objective is to conduct comprehensive 
research into potential improvements and optimizations aimed at 
enhancing the cooling performance of hybrid batteries under air-cooled 
conditions. In parallel, our proposed theoretical model endeavors to 
extend the range of thermal management strategies explored, inte
grating a variety of technologies and external factors to achieve a more 
effective thermal regulation of hybrid batteries. 

2. Models and methods 

2.1. Electrochemical model 

To explore the thermal and electrochemical properties of hybrid 
batteries in different environments, a heat transfer and fluid flow model 
are developed to simulate the temperature changes of hybrid battery 
packs in air conditions and designed a SOC estimation and coordination 
method to confront and describes temperature changes precisely. 

The P2D model is the primary electrochemical model in this work, as 
shown in Fig. 1A. Since the P2D model assumes a uniform distribution of 
electrode active material pores/electrolyte within the electrode, Li-ion 
battery is simplified to a one-dimensional model with three parts: the 
negative electrode, the positive electrode, and the separator. The P2D 
model can dynamically simulate the electrochemical performance of 
batteries under various operational conditions, including changes in 
voltage, current, temperature, and lithium-ion concentration distribu
tion. The model describes the multi-physical processes inside the battery 
using a set of partial differential equations (PDEs), covering electron and 
ion conduction, electrochemical reactions, mass transport, and thermal 
conduction. This model is particularly well-suited for studying battery 
behavior during charging and discharging, as well as under dynamic 
conditions such as temperature variations. The following assumptions 
are made in the P2D model: (a) chemical reactions occur at the elec
trodes; (b) the active particle material is presumed to have a spherical 
configuration; (c) the electric double layer is not considered. 

Nomenclature 

cl Lithium-ion concentration in the liquid phase (mol m− 3) 
cs Lithium-ion concentration in the solid phase (mol m− 3) 
cs,max Maximum lithium-ion density in active material (mol m− 3) 
cs,surf Surface concentration of Li+ (mol m− 3) 
Cp Thermal capacity (Jkg− 1 K− 1) 
Dl Lithium-ion electrolyte diffusion coefficient in the liquid 

phase (m2 s− 1) 
Ds Lithium-ion electrolyte diffusion coefficient in active 

material (m2 s− 1) 
Ds,ref Lithium-ion solid-phase diffusion coefficient at reference 

temperature (m2 s− 1) 
Ea,D Activation energy for diffusion (J mol− 1) 
Ea,R Activation energy for reaction (J mol− 1) 
F Faraday constant (96485C mol− 1) 
f Mean molar activity coefficient 
I Imposed current density (A m− 2) 
il Current density in liquid phase (A m− 2) 
is Current density in solid phase (A m− 2) 
jn Reaction current density (A m− 2) 
j0 Exchange current density (A m− 2) 
k0 Constant for reaction rate (m2.5 mol− 0.5 s − 1) 
k0,ref Constant for reaction rate at reference temperature (m2.5 

mol− 0.5 s − 1) 
Qrev Reversible entropic heat generation (J) 
Qohm Heat generation by ohmic losses (J) 

Qrec Heat generation from reaction (J) 
Qsum Sum of heat generated (J) 
r Particle radius variable (μm) 
rs Radius of active material particle (μm) 
R Universal gas constant (Jmol− 1 K− 1) 
Sa Specific surface area (m− 1) 
t+ Li+ transference number 

Greek letters 
α,β Transfer coefficient 
γ Bruggeman exponent 
εl Volume fraction for liquid phase 
εs Volume fraction for solid phase 
ν Thermodynamics factor 
η Over potential (V) 
ρ Density (kg m− 3) 
σ Electric conductivity 
φ Potential (V) 

Subscripts and superscripts 
0 Initial state 
l Liquid phase 
s Solid phase 
amb Ambient 
eff Effective value 
ref Reference value 
SOC State of charge  
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2.1.1. Charge transfer 
The sum of current density in the liquid phase and the solid phase 

equals the current density in the external circuit: 

I = is + il (1)  

∇I = ∇is +∇il (2) 

The connection between current density and electrochemical reac
tion current density is as follows: 

∇il = Sajn (3)  

∇is = − Sajn (4) 

Where, Sa according to the spherical particle model is expressed as 
follows: 

Sa =
3εs

rs
(5) 

Where, jn represents the local charge transfer current density 
described by the Butler-Volmer equation. This equation establishes a 
connection between concentration changes and current on the surface of 
electrode active particles: 

jn = j0
[

exp
(

αFη
RT

)

− exp
(

−
βFη
RT

)]

(6) 

Where, j0 is the exchange current density, reflecting the absolute rate 
of oxidation and reduction reactions at equilibrium potential, which is 
related to the constant for reaction rate and concentration. The particle 
surface overpotential η is expressed as follows: 

η = φs − φl − Ueq (7) 

Where, φl and φs are respectively the liquid and solid phase poten
tials, Ueq is the open circuit voltage of the electrode, which is the func
tion of cs,surf and T. The current density in solid phase is related to 
conductivity, which can be expressed with Ohm’s law: 

is = − σeff
s ∇φs (8) 

The liquid phase lithium-ion current densities are as follows: 

il = σeff
l [− ∇φl +

2RT
F

(1 +
∂lnf
∂lncl

(1 − t+)∇lncl)] (9) 

This equation expresses the effect of concentration diffusion and 
electromigration on the liquid phase current density. 

2.1.2. Mass transfer 
Li-ion diffusion behaviors in spherical active particles be elucidated 

by the Fick’s second law: 

∂cs

∂t
=

1
r2

∂
∂r

(

Dsr2∂cs

∂r

)

(10) 

The lithium-ion conservation in electrolyte phase is given by the 
following formula: 

εl
∂cl

∂t
= ∇

(
Deff

l ∇cl

)
+ Sa(1 − t+)j0 (11) 

This equation describes Li-ion concentration changes using diver
gence to express diffusion and transport effects. 

2.1.3. Heat generation 
Considering heat capacity and heat transfer effects, the main heat 

sources are divided into three parts: irreversible reaction heat (Qrea), 
ohmic heat (Qohm) and reversible entropic heat (Qrev): 

ρCp
∂T
∂t

− k∇2T = Qrea + Qrev + Qohm (12) 

The heat generated by irreversible reactions is linked to both the 
overpotential and the density of the reaction current: 

Qrea = Sajη (13) 

The Qrev is expressed as follows: 

Qrev = SajnT
ΔS
F

= SajnT
dU
dT

(14) 

The Qohm generated in the solid and liquid phases is expressed as 
follows: 

Qohm = − is∇φs − il∇φl (15)  

2.1.4. Coefficient correction 
Conductivity and liquid phase mass transfer coefficient are amended 

by Bruggeman theorem: 

σeff
s = σsεs

γ (16)  

σeff
l = σlεγ

l (17)  

Deff
l = Dlεγ

l (18) 

Where γ represents the Bruggeman porosity exponent, assigned a 
value of 1.5 in our work. 

2.1.5. Battery thermodynamic properties 
Fig. 1B illustrates the three-dimensional model of a single battery, 

constructed based on the following assumptions: the heat generated 

Fig. 1. Battery models, (A) P2D electrochemical model; (B) 18,650 battery cylindrical battery model.  
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during the discharge is evenly distributed with radial/axial anisotropy 
of the heat transfer coefficient. Additionally, the effects of thermal 
variations on material properties are neglected, and thermal radiation is 
not considered. The total heat production of the batteries is expressed as 
follows: 

Qsum =

[(
Qrea,negLneg +QrevLneg

)
+
(
Qrea,posLpos +Qrev,posLpos

)
+
∑

Qohm,iLi
]
A

πR2
batt

(19) 

The thermal conductivity is anisotropic, so the thermal conductivity 
in the radial and axial directions needs to be calculated relatively (Chiew 
et al., 2019; Chen et al., 2006). The following equation defines the radial 
thermal conductivity: 

kbattery,r =

∑
Li

∑
Li/ki

(20) 

Where, Li is the length of electrode and separator; ki is the thermal 
conductivity of the electrode and separator. The following equation 
defines the axial thermal conductivity: 

kbattery,ang =

∑
Liki

∑
Li

(21) 

The heat production equation for a cylindrical battery is as follows: 

ρCp
∂T
∂t

− ∇(k∇T) = Qsum (22) 

Where, Cp is the battery heat capacity, k is the anisotropic thermal 
conductivity. The heat transfer equation at the battery surface is 
expressed as follows: 

− k
(

∂T
∂n

T
)

= h(Tamb − T) (23)  

Where, ∂T/∂n is directional derivative of temperature; h is convective 
heat transfer coefficient; Tamb is temperature in ambient environment. 

2.1.6. Heat transfer and fluid flow model 
The flow field elucidated by the Navier-Stokes(N-S) equations: 

∂ρ
∂t

+∇ρu = 0 (24)  

ρ
(

∂u
∂t

+ u∇u
)

= − ∇p +∇{μ[(∇u +∇u)T
−

2
3

μ(∇u)I} + F (25) 

Where, ρ is the fluid mass density, u is the velocity of flow,p is the 
fluid static pressure, μ is the fluid’s viscosity, I is the identity matrix, F is 
the external forces on fluid. Generally, the boundary condition is u = 0. 

N-S equations reflect that the behavior of the fluid in the model can 
be predicted when initial values defined. In our work, we calculate the 
steady state process of fluid heat transfer, and the following equation 
describes the fluid temperature change: 

ρCp
∂T
∂t

+ ρCpu∇T = ∇(k∇T)+Q (26) 

Where, Cp is the heat capacity, Q is the external heat source. 

2.2. Model parameters 

The model parameters include constant parameters and variable 
parameters influenced by temperature or concentration. The parameters 
for the two types of batteries used in this work are shown in Table 1 and 
Table 2, with data from the references (Maheshwari et al., 2016; Wang 
et al., 2021; Lyu et al., 2020; Xu et al., 2014; Ren et al., 2022). 

Constant for reaction rate is calculated by the Arrhenius formula. 

k0 = k0,ref exp
[
EaR

R

(
1

Tref
−

1
T

)]

(27) 

Lithium-ion electrolyte diffusion coefficient related to temperature 
can also be described by the following Arrhenius formula: 

D0 = D0,ref exp
[
EaD

R

(
1

Tref
−

1
T

)]

(28) 

The solid phase equilibrium potential is related to temperature by 
the following equation: 

Ueq = Uocv+
dU
dT

(
T − Tref

)
(29) 

Where Ueq (the electrode voltage) and dU/dT (the entropy change) 
are related to the battery SOC. The concentration SOC of the active 
material particles is defined as follows: 

SOC =
cs

cs,max
(30) 

Table 1 
The main parameters in LFP model.  

Parameters Negative electrode Separator Positive electrode 

εs 0.51 n/a 0.81 
εl 0.46 0.4 0.18 
L(μm) 56 16 86 
rp(μm) 4.5 n/a 5.75 
cs,0

(
mol/m3) 15,685 n/a 228.06 

cs,max
(
molm− 3) 31,370 n/a 22,806 

cl,0
(
molm− 3) 1000 1000 1000 

α 0.5 n/a 0.5 
β 0.5 n/a 0.5 
Ds,ref

(
m2s− 1) 3.9 × 10 − 14 1.3 × 10 − 10 2.2 × 10 − 14 

EaD

(
kJmol− 1

)
35 n/a 35 

EaR

(
kJmol− 1

)
20 n/a 20 

σs
(
Sm− 1) 100 0.771 6 

k0,ref

(
m2.5mol− 0.5s− 1

)
2 × 10 − 11 n/a 1 × 10 − 9 

k(W/m⋅K) 4.21 1.21 0.27 
γ 1.5 1.5 1.5 
ρ
(
kg/m3) 1861 1043 2300 

t+ 0.363 0.363 0.363 
Cp(J/kg⋅K) 1437 1978 1260  

Table 2 
The main parameters in NMC model.  

Parameters (unit) Negative electrode Separator Positive electrode 

εs 0.67 n/a 0.685 
εl 0.3 n/a 0.266 
L(μm) 70 32 52.5 
rp(μm) 12.5 n/a 8 
cs,0

(
mol/m3) 21,910 n/a 13,779 

cs,max
(
molm− 3) 31,370 n/a 49,388 

cl,0
(
molm− 3) 1000 1000 1000 

α 0.5 n/a 0.5 
β 0.5 n/a 0.5 
Ds,ref

(
m2s− 1) 3.9 × 10 − 14 n/a 1.3 × 10 − 13 

EaD

(
kJmol− 1

)
35 n/a 20 

EaR

(
kJmol− 1

)
30 n/a 30 

σs
(
Sm− 1) 100 n/a 3.8 

k0,ref

(
m2.5mol− 0.5s− 1

)
2 × 10 − 11 n/a 5 × 10 − 11 

k(W/m⋅K) 1.04 1 1.48 
γ 1.5 1.5 1.5 
ρ
(
kg/m3) 1600 492 3000 

t+ 0.363 0.363 0.363 
Cp(J/kg⋅K) 1095 1883 1016  
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The open circuit voltage (Uocv) of the graphite electrode and entropy 
change (dU/dT) is used from references, as shown in Fig. 2. 

2.2.1. Parameters of LFP 
The values of Uref and dU/dT of LFP batteries are related to the SOC 

as follows: 

Uocv = 3.399 − 1.239exp
(
− 7.903(1 − soc)0.3821

−
(
− 3.644

× 10− 10)exp
(

21.12(1 − soc)30.37
)
+
(

8.249

× 10− 12exp
(

22.39(1 − soc)1.56
)

(31)  

dU
/
dT = − 0.35376soc8 + 1.3902soc7 − 2.2585soc6 + 1.9635soc5

− 0.98716soc4 + 0.28857soc3 − 0.046272soc2

+ 0.0032158soc − 1.9186 × 10− 5

(32) 

The conductivity and transfer coefficient of liquid phase Li+ as a 
function of temperature and concentration are described as follows: 

σl(cl,T) = 1.2544cl × 10− 4( − 8.2488 + 0.053248T − 2.9871 

×10− 5T2 + 0.26235cl − 9.3063 × 10− 3clT + 8.069 × 10− 6clT2

+ 0.22002c2
l − 1.765 × 10− 4c2

l T
)2 (33)  

Dl(cl,T) = 4 × 10− 4 × 10− 4.43− 54
T− 229− 0.005c2

− 2.2 × 10− 4cl (34)  

ν(cl,T) = 0.601 − 0.24 × (0.001cl)
0.5

+0.982 × [1 − 0.0052 × (T

− 294) ] × (0.001cl)
1.5 (35)  

2.2.2. Parameters of NMC 
The values of Uref and dU/dT of NMC batteries are related to the SOC 

as follows: 

Uocv = − 320.7 soc8 + 1138 soc7 − 1629 soc6 + 1193 soc5

− 460.3 soc4 + 81.24 soc3 − 0.9206 soc2 − 2.304 soc + 4.387
(36)  

dU
/
dT = 0.08398soc8 − 0.354soc7 + 0.5917soc6 − 0.4988soc5

+ 0.2225soc4 − 0.05003soc3 + 0.004758soc2 − 0.0002091soc

+ 3.239 × 10− 5

(37) 

The conductivity and transfer coefficient of liquid phase Li+ as a 
function of temperature and concentration are described as follows: 

σl(cl,T) = 10− 4cl ×
(
− 8.2488 + 0.053248T − 0.0002987T2 + 0.26235 

×10− 3cl − 0.009063 × 10− 3clT + 0.000008069e− 3clT2 + 0.22002

× 10− 6c2
l − 0.0001765e− 6c2

l T
)2 (38)  

Dl(cl,T) = 10

(

− 4.43− 54
T− 5×10− 3cl − 229 − 0.22 × 10− 3cl

)− 4

(39)  

ν(cl,T) = 1.06 × [0.601 − 0.24 × 10− 2c0.5
l + ( − 0.0051064T

+ 2.47894) × (10− 3cl)
1.5
] (40)  

2.3. SOC coordination method 

Fig. 3 illustrates the voltage–time profiles of the NMC and LFP bat
teries at different discharge rates (1C, 2C, 3C). In a parallel battery 
system, the discharge times of NMC batteries are shorter than that of LFP 
batteries, and the difference increases as the discharge rate increases. 

To verify the feasibility of the hybrid battery discharge protocol, a 
comprehensive SOC window usage segment and a SOC coordination 
method to manage the SOC between different capacity batteries are 
designed. This approach involves mapping the upper and lower SOC 
limits of NMC batteries to the SOC range of the entire battery system, 
thus establishing a correlation between the SOC limits of the NMC 
batteries and the system’s SOC range. 

The easily estimable NMC can be used as a “benchmark” to define 
hybrid battery pack’s working windows for the hybrid batteries and 
implement balancing control algorithms (Guan et al., 2023; Shuai et al., 
2023).The results of their experiments proved that this approach can 
control the SOC estimation error for hybrid battery pack within 
approximately 1 %. 

Inspired by this work and taking into account the existing hybrid 
design approaches for LFP and NMC batteries (Kim and Jung, 2018; Kim 
et al, 2019), a specific SOC working windows is defined for each battery 
type. Given the potential complexities in the BMS due to varying rates of 
capacity degradation, the working window is designated for NMC bat
teries from 0 to 0.9 and for LFP batteries from 0.1 to 1. This ensures that 
the operational capacities of both types of batteries are maintained upon 
reaching their degradation endpoints. On this basis, we implement 
high-power capacity balancing technology within the battery system as 
a means of regulating and balancing the SOC of the battery pack, thereby 
maintaining battery operation within the defined capacity windows. 

Essentially, the 100 % SOC point of LFP cells is set as the battery 

Uref

dU/dT

U
re

f
(V

)

dU
/d

T
(V

/K
)

Fig. 2. Uref And dU/dT of graphite electrode.  Fig. 3. Discharge curves of LFP and NMC battery.  
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pack’s full charge point, while the 0 % SOC point of NMC batteries 
serves as the full discharge point, as shown in Fig. 4A. Consequently, the 
usable capacity of the battery pack cycles between the 0 % SOC of NMC 
and the 100 % SOC of LFP batteries. 

The NMC battery is utilized as a standard to estimate the SOC of the 
hybrid battery pack due to the advantage of the significant variation in 
open-circuit voltage curve of the NMC battery. To align NMC battery’s 
SOC estimation with the battery pack, the NMC battery’s SOC connect 
the entire battery system’s SOC, as shown follows: 

SOCmax,pack =
SOCmax,NMC − SOCmin,NMC

SOCmax,NMC
(41) 

In this work, the SOC of the LFP battery has a range of 0.1–1, and of 
the NMC battery has a range of 0–0.9. Reserving a portion of the ca
pacity ensures accurate application of the SOC estimation and method, 
even in cases where there is a significant difference in the rate of ca
pacity fade in the hybrid battery pack. The lower and upper limits of the 
NMC battery can be set as 0 % and 90 %, respectively, and they are 
mapped to the SOC range of the battery system from 0 % to 100 %. 
According to the Eq. 41, when the NMC battery’s SOC is 0 %, the battery 
pack’s SOC is 0 %; when NMC battery’s SOC is 45 %, the battery pack’s 
SOC is 50 %; and when the NMC battery’s SOC is 90 %, the battery 
pack’s SOC is 100 %. On the other hand, LFP battery will be calibrated 
after each full charge, and the SOC will be estimated using a fuzzy 
estimation method. 

The SOC estimation method for hybrid battery packs needs to be 
adjusted as the capacity fade. As the battery capacity degrades, the 
lower limit of LFP gradually opens up, ensuring the fully charged state of 
the LFP battery always corresponds to the highest SOCmax,NMC (90 %) 
and the NMC depletion position corresponds to the low point SOCmin,LFP 

(<=10 %) of the LFP battery, as shown in Fig. 4B. 
The SOC coordination between hybrid batteries can be represented 

by: 

ΔSOCLFP =
ΔSOCNMC × Qmax,NMC

Qmax,LFP
× h (42) 

Where, QLFP, QNMC are the maximum capacities of the LFP battery and 
NMC battery, the variable h is the actual adjustment coefficient, 
ΔSOCLFP, ΔSOCLFP indicate the SOC adjustment method for the SOC 
changes of the two types of batteries. 

As the capacity of the LFP battery further fades, Fig. 4C illustrates the 
lower limit of LFP battery is fully opened. As shown in Fig. 4D, with the 
capacity fading, the NMC battery with a larger capacity will provide 
charge to the smaller-capacity LFP battery to maximize the utilization of 
energy and deplete simultaneously. 

2.4. Numerical methods 

COMSOL Multiphysics is used to analyze the characteristic of a cy
lindrical (18650 type) hybrid battery pack in air-cooled with the heat 
dissipation model. The heat generation rate of the batteries is calculated 
by the electro-thermal coupled P2D model. Applied the heat generation 
rate to the three-dimensional thermal energy transfer mechanism can 
calculate the real-time temperature of batteries and correct the param
eter of electrochemical model. 

The calculation consists of two steps: initializing the current distri
bution to improve the convergence of subsequent solving process, and 
calculating with transient solvers. The user-controlled relative tolerance 
is 0.001, and the time step is the backward difference formula (BDF) 
method. 

2.5. Model validation 

Fig. 5 displays a close match between the simulation results (lines) 
and experimental data (symbols) of individual LFP and NMC batteries at 
different discharge rates and at 25 ◦C, indicating that the model can 
accurately simulate the actual discharge process. Fig. 5 indicates that the 
battery performance, both at high and low discharge rates, closely aligns 
with experimental results, which reflects the battery model’s accuracy. 

3. Results and discussion 

This work focuses on cylindrical batteries, and employs a P2D model, 
a coupled heat transfers and fluid dynamics theory for numerical sim
ulations. The theoretical framework and analytical methodologies are 
adapted to investigating hybrid batteries of varied geometric configu
rations and external factors. 

3.1. Effect of hybrid batteries arrangement on pack temperature 

Air-Cooled methodology is utilized in this work with a velocity of 
0.1 m/s and a temperature at 298.15 K. The battery pack is composed of 
12 LFP and 12 NMC batteries, with batteries of the same type connected 
in series. The distance between batteries is determined as 0.5 × Rbatt, 
where Rbatt represents the battery radius. To maintain the same battery 
distribution density, the centers of the batteries in the airflow direction 
are spaced by 2.5 times the battery radius (s = 2.5 × Rbatt). 

Fig. 6 shows three common air-cooled arrangements for LIBs, 
including the aligned, cross and staggered arrangement. 

The thermal performance of different hybrid batteries arrangements 
at 2C are analyzed by simulating 6 different layouts for aligned and cross 
arrangements and 5 different layouts for staggered arrangement. 

3.2. Aligned arrangement 

Figs. 7 and 8 contrast the thermal behavior of battery packs with 
different layouts of aligned arrangement, indicating that Layout 3 and 
Layout 4 have relatively higher maximum temperatures (Tmax) and 
temperature difference (ΔT). In Layout 3, the concentrated distribution 
of NMC batteries leads to a peak temperature exceeding 314 K at the 
outlet. In Layout 4, NMC batteries are segmented by LFP, which effec
tively prevents the heat accumulation effect in NMC batteries. Fig. 4. SOC coordination method of LFP and NMC battery.  
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Meanwhile, the airflow adjacent to the lateral sides of the channel is fast 
and cool, significantly lowering the temperature of the NMC batteries on 
the outer side, which results in a decrease of 1 K for both Tmax and ΔT in 
Layout 4 compared to Layout 3. The Layout 3 and 4 have poor cooling 
performance, the NMC battery at the air outlet has the highest tem
perature, which suggests a significant safety risk with a high heat gen
eration. Therefore, Layout 5 with NMC batteries at the front is adopted 
to explore the thermal effects in hybrid battery packs. Benefiting from 
the colder air near the inlet for enhanced cooling, NMC batteries at the 
front are cooled effectively. Simultaneously, despite the LFP batteries 
are exposed to warmer air, the risk of thermal runaway is low due to the 
LFP batteries’ low heat generation rate. Layout 5 effectively mitigates 
the ΔT between batteries, resulting in a more balanced overall tem
perature distribution. However, the concentration of the high heat 
generation sources (NMC batteries) has potential dangers. In Layout 5, 
the NMC batteries’ central area in the downward direction of the air has 
the Tmax, which is the most susceptible to thermal runaway. 

To avoid concentration of heat sources, we propose three types of 
discrete distributions. In Layout 1 and Layout 2, the batteries are ar
ranged in rows, one after another. Results show both have similar Tmax, 

but Layout 1 exhibits a smaller ΔT about 3 K. Because in Layout 1 the 
NMC batteries in the first row are directly cooled by air, and the NMC 
batteries in the third and fifth rows are flanked by colder LFP batteries. 
The high heat generation sources with low heat generation sources and 
avoids the possible localized high temperatures at the air outlet, real
izing the effectively control of ΔT and Tmax in Layout 1. In Layout 6, the 
batteries are spaced apart with different types of batteries dispersed in a 
discrete distribution. Thermal performance of Layout 6 is similar to 
Layout 2, indicating that the discrete distribution of batteries can 
effectively balance the Tmax through different heat generation rates, but 
the key to reducing the ΔT is avoiding high heat-generating sources near 
the outlet. 

In summary, Layout 1 effectively controls the maximum tempera
ture, while Layout 5 achieves a more average temperature distribution 
across the battery pack. 

3.3. Cross arrangement 

Compared to the aligned arrangement, the flow path distribution of 
the air is changed in the cross arrangement. As shown in Figs. 9 and 10, 

Fig. 5. The discharging curves of (A) LFP battery and (B) NMC battery. The symbols and lines correspond to experimental and simulated data.  

Fig. 6. Battery arrangements in air-cooled conditions.  
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Layout 4 has the highest Tmax and ΔT, and the results indicate that the 
Tmax occurs inside the NMC batteries near the air outlet. Because posi
tioning of NMC batteries at the air output, where they are devoid of any 
adjacent LFP batteries to balance temperature. Additionally, the con
centration of heat in the middle section significantly raises the tem
perature of the air flowing through, further exacerbates the temperature 
rise in the NMC batteries. In Layout 5, arranging NMC batteries at the 
front, similar to the aligned arrangement, effectively balances the tem
perature within the hybrid battery pack. These layouts indicating that 
the inherent characteristics of the cross arrangement result in NMC 
batteries at the outlet not being surrounded by NMC batteries, which 
significantly elevates the potential for thermal runaway events. 

The temperature of Layout 1, 2, and 6 is lower than Layout 3 and 
Layout 4, and higher than aligned arrangement. Layout 1 have the 
lowest Tmax, emphasizing the significance of avoiding the placement of 
NMC batteries at the air outlet and adopting a discrete distribution 
method in preventing thermal runaway. 

Cross arrangements can improve heat dissipation by creating more 

open spaces and airflow passages between the battery batteries, facili
tating more efficient heat transfer. Notably, the increased distance be
tween LFP and NMC batteries in cross arrangement compared to aligned 
arrangement leads longer heat transfer path between different battery 
types, impeding the capability of LFP batteries to contribute to the 
overall temperature regulation of the battery pack. Therefore, the 
effectiveness of air-cooled in a cross arrangement is noticeably inferior 
to that of an aligned arrangement. The flow paths are more direct and 
consistent in an aligned arrangement, ensuring that cooling air is evenly 
distributed across all battery batteries. In contrast, the cross arrange
ment disrupts the uniformity of the airflow paths, leading to uneven 
cooling effectiveness and consequently localized temperature 
variations. 

3.4. Staggered arrangement 

The staggered arrangement increases the contact area with the 
airflow, greatly enhances the convective strength. As shown in Figs. 11 

Fig. 7. Hybrid battery temperature distribution of aligned arrangement.  

Fig. 8. Temperature-time graph curves of aligned arrangement in Layout 1 ~ 6, (A) maximum temperature (Tmax) of battery system; (B) maximum temperature 
difference (ΔT) of battery system. 
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and 12, compared to the above arrangements Layout 3 effectively con
trol Tmax of the external NMC batteries. The performance of Layout 3 and 
4 illustrates better cooling of the external batteries due to less resistance 
of the external air and less energy loss from the air. Layout 5 has the 
smallest Tmax and ΔT among the layouts. Notably, during 900 s to 1000 
s, ΔT of the battery pack does not increase but rather decreases, which 
indicates staggered arrangement improves the efficiency of heat transfer 
through air, facilitating the removal of heat from the system, particu
larly from the front NMC batteries during the mid-discharge phase. 

Layout 1 and 2 reduce average temperature compared to the similar 
layouts of the previous two arrangements, because in the staggered 
arrangement hybrid battery pack has smaller battery distribution den
sity and improved air heat transfer. Notably, Layout 1 and Layout 3 have 
very similar thermal performance in Tmax and ΔT, indicating that the 
extreme temperatures occur in similar regions and the discrete distri

bution of the batteries exhibits certain similarities. This work reveals 
that the staggered arrangement reinforces the air-cooled effect. The 
overall cooling performance is similar to that of the aligned arrange
ment, but if the air-cooled effect is intensified, the cooling performance 
of the staggered arrangement would be superior. However, the stag
gered arrangement has longer air flow path and lower space utilization 
than the cross and aligned arrangement. 

3.5. The optimal arrangement of hybrid battery 

As shown in Fig. 13, aligned arrangement has the lowest ΔT and 
Tmax. Among these layouts in aligned arrangement, Layout 1 has the 
lowest Tmax, while Layout 5 has the lowest ΔT. 

The temperature staggered-section at half the height of the batteries 
is calculated to explore the most effective cooling layout in the aligned 

Fig. 9. Hybrid battery temperature distribution of cross arrangement.  

Fig. 10. Temperature-time graph curves of cross arrangement Layout 1 ~ 6, (A)maximum temperature (Tmax) of battery system;(B) maximum temperature difference 
(ΔT) of battery system. 
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Fig. 11. Hybrid battery temperature distribution of staggered arrangement.  

Fig. 12. Temperature-time graph curves of staggered arrangement Layout 1 ~ 6, (A) maximum temperature of battery system (Tmax); (B) maximum temperature 
difference (ΔT) of battery system. 

Fig. 13. (A) Maximum temperature (Tmax) of all arrangements; (B) Maximum temperature difference (ΔT) of all arrangements.  
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arrangement, Layout 1 and 5. As shown in Fig. 14 A and B, the 
staggered-sectional diagram indicated the third and fifth rows of Layout 
1, the second and third rows of Layout 5 are most prone to thermal 
runaway. The Layout 5 has a more uniform temperature, while the 
second row of Layout 1 has excessive cooling, leading to a larger ΔT. 

Fig. 14 indicates that in the first two rows of the aligned arrange
ment, air-cooled is relatively effective, while the air temperature 
distinctly increased in the last four rows, reducing air cooled efficiency. 
Based on this conclusion, we propose a new layout of the aligned 
arrangement to optimize air-cooled structure: the first, second, and 
fourth rows in the air inlet direction are placed with NMC batteries, and 
the third, fifth and sixth rows are placed with LFP batteries, as shown in 
Fig. 15A. Fig. 15B shows the Tmax and ΔT in this layout, and Fig. 15C 
shows the temperature staggered section at half the height of the bat
teries. In optimized arrangement, the Tmax is 310.83 K, and the ΔT is 
6.27 K. It is a reduction of 0.17 K compared to the minimum Tmax of the 
above arrangement and a reduction of 0.4 K compared to the minimum 
ΔT of the above arrangement. As shown in Fig. 15C, the optimal 
arrangement has a higher degree of battery temperature averaging, 
effectively reducing the complexity of BTMS and the risk of thermal 
runaway. 

To validate the superiority of our designed hybrid battery, simulated 
comparisons of the optimized hybrid battery pack with NMC battery 
packs and LFP battery packs are conducted under the same conditions. 
Through optimizing the layout design, the hybrid battery pack increased 
41.7 % power density of uniform LFP battery pack and reduced 3.65 K of 
the maximum temperature of uniform NMC battery pack, as shown in 
Fig. 16. 

This indicates that by combining LFP batteries with NMC batteries, 

the battery pack can strike a balance between high-performance output 
and enhanced safety and stability. Specifically, the high power and high 
voltage output characteristics of NMC batteries are preserved to ensure 
that the system meets the requirements of high-intensity applications. 
Meanwhile, the integration of LFP batteries plays a crucial role in 
improving the safety and stability of the entire battery pack. This stra
tegic combination enables hybrid battery packs to achieve high- 
performance commitments while minimizing the risk of overheating 
and potential thermal events, ensuring safer and more reliable energy 
storage solutions. 

4. Conclusion 

In this work, we develop a hybrid battery pack, probed a corre
sponding SOC management method and designed an optimized thermal 
management system. Comparing the performance of different hybrid 
pack arrangements reveals that the battery layouts and battery’s heat 
generation have a notable impact in enhancing the safety and perfor
mance of the battery pack. Among these arrangements, the aligned 
arrangement exhibits the most effective cooling effect, due to its shorter 
flow path minimizes air energy loss and reduces pressure drop. 

After analyzing various arrangements, we find that avoiding the 
placement of NMC batteries near the air outlet and preventing the 
concentration of NMC is crucial for reducing the Tmax. At the same time, 
effectively utilizing the scattered distribution of LFP batteries to balance 
the temperature of the battery pack is crucial for reducing the ΔT. 
Therefore, our optimally designed arrangement, inheriting the advan
tages of the aligned arrangement, fully considers the balancing effect of 
heat generated by different types of batteries in the hybrid battery 

Fig. 14. Temperature field and flow field distribution of aligned arrangement, (A) Layout 1 of the aligned arrangement, (B) Layout 5 of the aligned arrangement.  

Fig. 15. (A) Hybrid battery temperature distribution of optimal layout, (B) Temperature-time graph curves of optimal layout, (C) Temperature staggered section of 
optimal layout. 
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group. Such optimized design leads to a higher convective heat transfer 
coefficient, effectively regulating the temperature to ensure optimal 
cooling performance. As a result, it further reduces the Tmax and ΔT from 
the all arrangement. 

The effects of various hybrid pack arrangements are investigated in 
air-cooled condition, revealing the potential benefits and challenges of 
utilizing hybrid battery packs. Meanwhile, the research methods and 
conclusions in this paper can guide the structural design of hybrid bat
tery packs with different electrodynamic characteristics under different 
heat transfer conditions. The design of hybrid battery improves the en
ergy density and enhances its safety, which effectively complements the 
strengths and weaknesses of NMC and LFP batteries, offering a foun
dation for further advancements in battery technology and thermal 
management strategies. 

Meanwhile, this research opens several avenues for further explo
ration and refinement. Foremost, exploring the hybrid battery pack’s 
behavior under dynamic operating scenarios, contributing to a deeper 
understanding of the system’s adaptability and resilience to transient 
conditions. Moreover, broadening the scope to include a diverse array of 
battery chemistries beyond lithium iron phosphate and nickel manga
nese cobalt oxide can reveal new insights into the optimization of hybrid 
battery packs. Investigating thermal management strategies and incor
porating dynamic modeling approaches to capture transient behaviors 
under changing conditions will enhance the system’s performance over 
time. Pursuing these directions offers the potential to propel the devel
opment of battery technology and thermal management systems for
ward, leading to the realization of energy storage solutions that are not 
only more robust and efficient but also inherently safer and environ
mentally sustainable. 
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