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Abstract: This paper presents a model-based cell-health-conscious thermal energy
management method. An Arrhenius equation-based mathematical model is firstly identified
to quantify the effect of temperature on the cell lifetime of a Nickel Metal Hydride (NiMH)
battery pack. The cell aging datasets collected under multiple ambient temperatures are
applied to extract the Arrhenius equation parameters. The model is then used as an
assessment criterion and guidance for the thermal management design of battery packs.
The feasibility and applicability of a pack structure with its cooling system, is then
evaluated, and its design problems are studied by a computational fluid dynamics (CFD)
analysis. The performance and eligibility of the design method is validated by both CFD
simulations and experiments.
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1. Introduction

Energy supply uncertainty, volatile oil prices, and increasingly stringent regulations on pollutants
and carbon footprint pose heavy challenges for today’s fossil fuel-dominant ground transportation [1,2].
To accelerate the shift to sustainable transportation, electrified vehicles, such as battery electric
vehicles (BEVs), hybrid electric vehicles (HEVs), and plug-in hybrid electric vehicles (PHEVs), are
being studied and developed around the globe [3—5]. The traction battery packs have a significant
impact on the performance, cost, and reliability of electrified vehicles. An efficient battery
management system (BMS) is thus required to ensure safe and reliable battery operations in complex
and highly dynamic onboard environment [6-9].

A key task of BMS is to manage cell temperature to avoid overheating and to reduce large
temperature gradients among cells. Temperature has been recognized as the dominant stressing factor
for battery degradation [10]. Both high temperature and large temperature gradients lead to reduced
cell life. Diverse methods of battery thermal management were studied. For example, phase change
materials which can absorb large amounts of heat were often used to control thermal runaways under
extreme conditions [11-14]. Active methods, e.g., liquid-cooled and air-cooled systems, were also
adopted [15,16]. A comparison of the effectiveness of the two types of methods was investigated
in [17]. Heat pipes were also used to cool the battery system [18]. Several commonly used battery
cooling techniques are compared in [19]. The vast majority of relevant literature was focused on the
thermal behavior of the cooling material, and the performance of different approaches in preventing
unsafe temperatures is compared. Studies on the cell temperature uniformity, however, are relatively
scarce. A rule-of-thumb threshold, e.g., 5 °C, was often used as limit to the temperature nonuniformity
for batteries of different chemistries, or from different manufacturers. Little research has been done to
study how small the temperature gradient should be for a specific battery to ensure cell health. Since
different batteries typically have considerably different aging characteristics, the same temperature
deviation will induce different degradations for different batteries. A mathematical model that can
explicitly capture the relationship between cell temperature and degradation would be beneficial to
addressing this problem. According to the requirement for the cell health uniformity, the model can be
used to assessing the acceptable level of temperature gradient, thus predicting degradation and guiding
cooling system design. The main contributions of this paper are the development of such a model and
its application to temperature-gradient management for cells inside a battery pack.

In this paper, the effect of temperature deviation on cell degradation consistency is modeled using
the Arrhenius equation, based on experimental data collected on Nickel Metal Hydride (NiMH) cells.
According to the calibrated model and cell health-consistency requirement, the feasibility and
applicability of a NiMH battery pack design, together with its air cooling system, is experimentally
evaluated for an HEV prototype manufactured by Changan Automobile Company Limited in
Chongqing city in China. The shortcomings of the current design are analyzed using computational
fluid dynamics (CFD). Subsequently, an improved design is proposed. The performance of the new
design is validated by means of CFD simulations and experimental analysis.

The remainder of this paper is organized as follows: in Section 2, the mathematical model
describing the influence of the temperature discrepancy on the lifetime consistence of NiMH cells is
presented. Based on the model, Section 3 presents the assessment of a NiMH battery pack design,
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along with its cooling system. The design deficiencies are also analyzed. An improved design solution
is depicted in Section 4, in which simulation and experimental analysis are applied to demonstrate its

performance. Finally, conclusions are drawn in Section 5.
2. Effect of Temperature Gradient on Cell Degradation Variation

Cell temperature has a large impact on cell health degradation: the higher the temperature, the faster
the rate of aging [20]. Therefore, non-uniform temperatures will result in different cell health levels
within the same pack. The cell with the highest degradation usually determines the lifetime of the
whole pack. To facilitate effective thermal management system design, it is important to build a
mathematical model that can accurately quantify the effect of temperature gradients on cell

lifetime uniformity.
2.1. Model Structure Based on Arrhenius Equation

The Arrhenius equation is a succinct, but precise characterization of the temperature dependence of
the rate of a chemical reaction [21]. It was often applied to model the temperature-induced alteration of
diffusion coefficients, creep rates, and other thermal processes [22]. The Arrhenius equation was also
used to delineate the temperature-dependent degradation rates of electrochemical cells [23—25].The
basic Arrhenius equation is shown as follows:

AN RT=pAe T (1)

where dC /dn is the rate of cell capacity change with respect to aging cycle, A is the pre-exponential
factor, and R is the universal gas constant [i.e., 8.314 J/(mol K)]. AE and T are activation energy in the
unit of J/mol and absolute temperature in the unit of K, respectively [21,22]. Here, we view Equation
(1) as an empirical formula such that A and A=AE/R are interpreted as two unknown parameters to
be calibrated. Integrating both sides of Equation (1) over the cell lifespan yields:
A

C =-Ane’ (2)

where C, is the capacity reduction threshold indicative of the cell failure, and n_ is the cycle life.

Assign two different temperatures, 77 and 75 (7} > T3), to Equation (2) to constitute:

y) 2

cCl » 1

An =—L|e? —e"
n, (e e J (3)

where An_ is the lifetime deviation. It is evident that Equation (3) is a quantitative description of the

effect of the temperature gradient on cell life.
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2.2. Model Parameter Calibration
2.2.1. Linear Identifiable Form

An identifiable form of the model is obtained by taking the natural logarithm of both sides of

Equation (2):
in(<2) = n(ca) -2 = [1 —l}{ln(_m}
n T

T A

14 [

‘ 4)
where ¢ is the regressor, and @ is the parameters to be identified. For electrified vehicle applications,
C. is often specified as 20%. In order to extract the unknown parameters, the cell cycle life n, under

different temperatures should be determined or estimated.
2.2.2. HEV NiMH Cell Aging Test

NiMH cells from the same batch for an HEV prototype manufactured by Changan Company were
tested. The testing system can implement diverse charging/discharging modes, monitor and record cell
current, voltage, and power, as well as implement safety protection. The nominal capacity and voltage
of the NiMH cells are 6.5 Ah and 1.2 V. The upper and lower cut-off voltages are 1.55 V and 1.05 V,
respectively. The aging cycle was chosen to be constant-current full charge and discharge at the rate of
1 C, and the cell static capacity was calibrated every 10 cycles to record the cell degradation levels.
Three aging tests were conducted under 25 °C, 40 °C, and 50 °C, respectively. In each test, five NIMH
cells were cycled, and then the average capacity was calculated and used to take the cell manufacturing
variance into account. Simple aging cycles are used because our goal is to identify the relationship
between the cell health and operating temperature, as opposed to establishing a complete battery
degradation model as a function of temperature, current rate, and depth of discharge (DOD).
Furthermore, since in practice the cells in the pack undergo approximately the same current and DOD,
the cell health inconsistency is mainly attributed to the cell temperature deviation. The measured
capacities under the three aging tests are shown in Figure 1. The capacity reduction is shown in Figure 2.

Figure 1. Cell capacities under three different temperatures.

6.6[

6.4r

/Ah

6.2

Capcity
(o)}

587

5.6

54

0 100 200 300 400 500 600
Cycle



Energies 2013, 6

Figure 2. Capacity percent reductions.
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It is clear that the cell degraded most rapidly under 50 °C. Notice that since the aging tests did not

damage the cells up to failure, this necessitates estimating the cell life based on the available capacity

history. From Figure 2, it can be observed that the trajectory of the capacity reduction is a

quadratic-function of the number of aging cycles. We use a nonlinear least-squares optimization

algorithm to identify the parameters of the quadratic function. The results for the three temperatures
are shown in Table 1. For C, = C, =20%, the solutions are shown in Table 2.

Table 1. Quadratic functions depicting the relationship between capacity reduction and the

number of aging cycles.

Temperature/°C Quadratic function/%
25 C;=32x107n*-9.8x10*n+0.21
40 C;=2.6x107n% +6x10n+0.15
50 C; =23x107n2 +9x10>n+0.13

Table 2. Estimated cell cycle lifetime at the three temperatures.

Temperature/°C 25 40 50

Cycle life 801.87 765.96 754.19

2.2.3. Least-Squares Algorithm Based Parameterization

The least-squares algorithm is used to estimate the optimal model parameters using the

following equation:

where

6=(X"X) "Xy

X" =[p) om) or)]

()

(6)
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Ty, T, and T; are the three operating temperatures. After obtaining é, we can determine the
model parameters:

A =—-Y (8)

1=62) ©)

The identification result is shown in Table 3, and the mean square error of the fitting is 4.04x107
Note that thanks to the nonlinear Equation (8), the standard error of A is derived from Monte Carlo

simulation, based on statistics (mean and standard deviation) of f?(l) It is clear from error analysis that

the fitting equation has good accuracy.

Table 3. Optimal model parameters and error bounds identified by the least squares method.

Result A A
Estimate —5.61x10™*  240.74
Standard error (1 Sigma)  6.20x1 07 34.29

2.3. Assessment Criterion

HEVs are often subject to complicated traffic and climate conditions so that the on-board battery
packs undergo varying loads and ambient temperatures. Because the cells suffer more severe
degradation at high temperatures, leading to shorter life, the temperature deviation among cells in a hot
vehicle environment is of great concern. A performance index proposed by the HEV manufacturer
requires that the cell life inconsistency for the battery cells should be less than 1.5% when the
temperature is higher than 35 °C [26]. According to Equation (3), the maximum allowable temperature
gradient among cells can be efficiently calculated to be 6 °C, which will serve as a performance

assessment criterion and a design guide for the subsequent thermal energy management system of the
HEV NiMH battery pack.

3. Feasibility Assessment of Primitive NiMH Battery Pack Design with its Cooling System
3.1. Experimental Analysis

The configuration of a prototype NiMH battery pack with no consideration of the impact of
temperature discrepancy on cell health consistency is shown in Figure 3. It consists of three layers. The
first layer contains 36 cells arranged in 3 rows and 12 columns, and there are 42 cells in the form of
3 rows and 14 columns for each of the other two layers. Notice that all 120 cells are electrically
connected in series to increase the voltage level, as the HEV with an integrated starter/generator
propulsion system has a low degree of hybridization which does not require a lot of energy. The cell
dimensions and main electrical specifications are listed in Table 4. Five air ducts are designed for each
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cell, as shown in Figure 3. The cells in each layer were cooled by two fans placed symmetrically.
T-shaped thermocouples were used to collect the cell temperature data. The measurement points were
selected considering the structural characteristics of each layer. There are 12 sensors in the first layer
shown in Figure 4, and the remaining layers each have 15 sensors shown in Figure 5.

Figure 3. Configuration of the primitive HEV NiMH battery pack: 36 cells (3 rows and 12
columns) in the first (top) layer; 42 cells (3 rows and 14 columns) in each of the

other layers.

Cooling fan
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|
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Table 4. Cell dimensions and main electrical specifications.

Thickness
Width
Height
Weight
Nominal Voltage
Nominal Capacity
Power Density
Energy Density
Ambient Temperature
Working Temperature
Usable SOC range

23.5 mm
60 mm
84 mm

180 g

1.2V

6.5 Ah
21400 W/kg
244 Wh/kg
—40 ~ 80 °C
-30~ 60 °C
30% ~ 80%

Figure 4. Sensor location in the first layer.
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Figure 5. Sensor location in the second and third layers.
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The road testing of the HEV vehicle with the prototype battery pack was conducted in a test field by
DongFeng Motor Company Limited in Xiangfan city, China, during a hot summer. The test involved
diverse road conditions and driving patterns. Please refer to [27] for more details on the test
procedures. We measured the cell temperature in a 4.5 minute idling process intentionally designed as
part of the test. The measured temperatures are shown in Figures 6-8. It can be seen that the cell with
the highest temperature of 45.5 °C occurred in the third layer of the pack, while the lowest one with
36 °C is in the second layer. The maximum temperature difference is thus 9.5 °C. Taking a closer
examination, we can find that the largest temperature discrepancy in the first layer is around 5.1 °C,
and those for the second and third layers are 8 °C and 7.5 °C. It is clear that the preliminary battery

pack and its cooling system design cannot meet the performance requirement of a maximum
temperature difference of 6 °C.

Temperature /°C

Figure 6. Temperature measurement in the first layer.
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Figure 7. Temperature measurement in the second layer.
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Figure 8. Temperature measurement in the third layer.

46 No.1~7 sensors in third layer . No.8~15 sensors in third layer
.5 | 46| 15 10
~ - e 1
L e vttt g Eomrae - YA AP
44 B a .;.a,”n\u\u,,.'-r‘,-, LR RPN o ML 44 ,m—"‘“’"‘L"r T
4 \ -
N oo e = e BN e,
SR 2 O 42f g 14 5
2 v B | ; )
= s v = 13
E 40 0 7 e, B / .
=3 . 4 T 40| PRTPRNPL  TETTY
E 5 ;,‘,u*.,fh.. 12
38 = P e B
38 ™
'\ [
6 11
0 30 60 90 120 150 180 210 240 270 0 30 60 90 120 150 180 210 240 270

" Time/s

Time/s

3.2. Analysis of the Shortcomings of the Preliminary Design

2717

Since the pack structure is quite complicated, a flow field analysis was performed first to investigate
the air flow allocation among the three layers. The CFD model of the pack is shown in Figure 9. The
air inlet and outlet were designated as the pressure import and the pressure exportation, respectively;
the corresponding pressures were 30 Pa and —220 Pa. The air inlet is assumed to be at 25 °C. The
calculated result is shown in Table 5. It can be seen that the second and third layers have different air
flow, leading to large temperature non-uniformity. Because of the smaller flow, the majority of cells in

the third layer had higher temperatures. The flow inconsistence was mainly attributed to the
interference of air fans between the two layers.
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Figure 9. CFD simulation model of the primitive pack.
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Table 5. Flow distribution results.

Layer No. Flow/ Kg/s Flow percent
1 0.0130 29.23%
2 0.0170 38.11%
3 0.0145 32.66%

2718

Based on the flow distribution analysis, more in-depth CFD simulations for each layer were

conducted. The simulation model of the third layer, for example, is shown in Figure 10. The section

velocity contours of two fans are shown in Figure 11. It can be noticed that the middle area assumed

larger air flow velocity in that the interference between the two fans existed. The cross-section velocity

contour of the third battery layer is shown in Figure 12. It is obvious that flow non-uniformity existed

among cells in the layer, causing the cell temperature gradient. Similar results can be obtained for the

other two layers.

According to the analysis above, we can find that the undesired performance of the preliminary

pack and cooling system design were due to the non-uniformity in the flow levels of battery layers.

The design of the pack structure and the six air fans were unsatisfactory; the interference among fans

had a considerably negative influence on cell temperature uniformity.

Figure 10. Simulation model of the third layer.
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Inlet
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Figure 11. Section velocity contours of two fans.
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Figure 12. Cross-section velocity contour of the third layer.
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4. Improved Thermal Energy Management
4.1. Enhanced Structure Design

In order to avoid the uneven flow distribution among layers which appeared in the original pack
structure, 120 cells are placed in only one layer in the form of eight modules. Each module
comprises 15 cells in series. Although the eight modules have a parallel topology, they are connected
electrically in series. The configuration of the improved pack structure is shown in Figure 13. The
primitive six air fans are replaced by one fan placed in the outlet to alleviate the flow non-uniformity
among cells caused by the interference of multiple fans. The enhanced pack, together with its cooling
system, is shown in Figure 14. The whole system consists of a box body (1), the battery pack (2)
shown in Figure 13, an air intake duct (3), a DC/DC converter (4), an intelligent control unit (5), and
a centrifugal fan (6). The pack dimensions and main electrical specifications are listed in Table 6.
Please refer to our previous paper [28] to find more details on the structure design of the DC/DC
converter and control unit for effectively dissipating the heat. The fan can provide larger air flow than
those in the primitive design, with the maximum flow of 280 m*/h. The air enters the pack from the
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intake duct under the suction role of the centrifugal fun, and then the convective heat transfer occurring
at air ducts on the cell body and the internal gaps of the pack structure is able to cool the cells. After
that, the air continues to dissipate the heat from the DC/DC converter and the controller and is finally
extracted by the fan.

Figure 13. Improved battery pack structure.

battery pack

battery cell

(1)Box Body (2)Battery Pack (3)Air Intake Duck (4)DC/DC Converter
(5)Intelligent Control Unit (6)Centrifugal Fan and Air Outlet Duck

Table 6. Dimensions and main electrical specifications of the improved pack design.

Width 444 mm
Length 542 mm
Height 198 mm
Weight 35kg

Nominal Capacity 6.5 Ah
Nominal Voltage 144V
Number of cells 120




Energies 2013, 6 2721

4.2. Simulation Validation

In the CFD simulation of the battery pack, the air flow at the inlet boundary provided by the fan
was 140 m’/h, and its temperature was assumed to be 35 °C. Since the average heating power of the
pack was measured to be 494 W in the practical HEV filed test at 40 °C, the heat flux of 718.5 W/m’
was specified for the battery pack system in the simulation. Please refer to [27] for more details on the
boundary conditions applied. The simulation result of the first row of cells is shown in Figure 15. We
can see similar temperature change of air in the ducts and gaps for eight cells, indicating relatively
uniform heat dissipation. The maximum temperature of cell surface is 49.3 °C; the minimum is 45.5
°C; the maximum deviation is therefore 3.8 °C. It meets the performance index of thermal energy
control depicted in Section 2. The simulation results of the other rows are similar.

Figure 15. Temperature field of the first row of cells in the enhanced pack design.
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4.3. Experimental Validation

An experimental platform for evaluating the validity of the improved battery pack mainly was
composed of an environmental chamber, a chassis dynamometer, a blower, and a data collection unit.
The chamber was used to simulate the actual HEV environment parameters, such as ambient
temperature, humidity, and sunlight intensity, such that the onboard test can be accomplished in a
well-controlled indoor condition. The dynamometer was employed to load the HEV and control the
vehicle speed to realize the specified driving cycles. In order to simulate the airflow around the vehicle
during running, the blower was placed in front of the vehicle. The data collection system was to
measure and record the cell temperature. The experiment arrangement is shown in Figure 16. The
locations of temperature sensors (white circles) in the pack are shown in Figure 17. The sensors are
numbered by using the indices of the matrix of 15 rows and 8 columns, for example, the number of the
sensor in the fourth row and first column is 4-1.

To better evaluate the quality of thermal energy management of the pack, driving cycles inducing
serious heating of energy storage device should be adopted. Two cycles simulating climbing
(10% slope) and urban traffic jam were thus chosen. Please refer to [27] for the details of the two
testing cycles. The results of assessing the temperature deviation among cells in the two tests are
shown in Figure 18 and Figure 19. For good readability, we only show the temperatures from a part of
sensors without loss of generality and validity. It can be found that the maximum temperature
difference was 4.5 °C when the maximum cell temperature of 46.8 °C appeared in the climbing cycle;
the maximum deviation was 5.2 °C when simulating the urban traffic jam. Therefore, the experimental
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results demonstrate the validity of the improved battery pack thermal energy management design,

according to the prescribed performance criterion in Section 2.

Figure 16. Experimental arrangement for performance assessment of the improved
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Figure 19. Temperature measurement in the urban traffic jam situation.
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5. Conclusions

The impact of the temperature gradient on the cell lifetime consistency is first modeled for cells
inside a HEV NiMH battery pack, based on Arrhenius equation, by analyzing the aging datasets
collected under multiple environmental temperatures. This model, together with the requirement for
the cell health consistency provided by the HEV manufacturer, is used as an evaluation criterion and
guidance for the thermal energy management design of the NiMH battery pack adopted. It is found that
the maximum temperature gradient should not be larger than 6 °C to guarantee the allowable cell life
inconsistency. Since different types of cells typically have obviously dissimilar degradation
characteristics, it is unreasonable to give a universal performance index for batteries of different
chemistries or from different manufacturers, and a specific criterion is necessary for thermal energy
management of the chosen battery to avoid under- or overdesign. According to the calibrated model,
the applicability of a primitive NiMH battery pack design and its air cooling system without
considering the actual relationship between the cell-health and temperature deviations is assessed, and
its shortcomings are analyzed using computational fluid dynamics (CFD) analysis. The original
three-layer structure is vulnerable to the uneven flow allocation among layers, and the large
interference between two air fans in each layer also leads to serious flow non-uniformity among cells.
In order to avert these deficiencies, an improved design scheme with one-layer pack structure and one
potent cooling fan at the outlet is then proposed. The CFD simulation and experimental validation
results show that the maximum temperature gradient among cells in the enhanced packaging and
cooling design is less than 6 °C, verifying its effectiveness and superiority.
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