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Abstract 
 
Battery thermal control is an important factor for achieving desired performance and calendar life for 
multi-cell batteries in hybrid electric vehicles. Automakers and their battery suppliers are paying 
increased attention to battery thermal management, especially with regard to life and related warranty 
costs.  A robust design for thermal management is needed to ensure that certain parameters remain within 
design specifications under a variety of ambient and load conditions. For example, cells/modules in a 
pack must remain below a maximum temperature, temperature differences between cells must be below a 
desired value, and parasitic power must not exceed a designed value. Finite element thermal analysis, 
along with optimization and design for six sigma processes were used to evaluate alternatives that reduce 
temperature distribution and improve overall temperature uniformity among cells.  A transient thermal 
analysis was also performed using the FreedomCAR 40kW power-assist profile and the thermal response 
for various flow rates was presented.  These methods showed how variation in input parameters and 
conflicting design constraints could be accounted for when designing battery thermal management 
systems.  For this paper, we modeled a Panasonic prismatic NiMH module with air-cooling, but the 
techniques can be applied to any battery configuration.  
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1.      Introduction 
 
Battery temperature affects battery performance and life. Therefore, battery thermal management is a 
critical element for achieving desired performance and calendar life for battery packs in hybrid electric 
vehicles.  Automakers and their suppliers are paying increased attention to battery thermal management to 
ensure that warranty costs for battery replacement are not exceeding projections.  The battery in a hybrid 
electric vehicle (HEV) experiences a demanding thermal environment and must be heated during cold-
weather operation and cooled during extended use and during warm-weather operation.  A uniform 
temperature should be maintained among the battery's cells since cell-to-cell temperature variability leads 
to imbalances and reduced performance and also potentially reduces calendar life.   
 
The thermal design process should consider the cell-to-cell variability in a multi-cell pack, which could 
lead to different battery electrical and thermal behavior.  There is also variability in the mechanical design 
and method for heating or cooling each cell.  In addition, the thermal design process should consider the 
impact of various design parameters such as state of charge, internal resistance, current amplitude, heat 
generation rate, fluid flow rate, cooling/heating fluid temperature, and various geometrical variations. The 
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goals of a battery thermal management system are to keep the battery below a certain temperature and 
minimize the temperature distribution in the pack, while using a minimum amount of energy.  
 
The National Renewable Energy Laboratory (NREL) has analyzed and evaluated the thermal performance 
of state-of-the-art commercial batteries and helped industry to develop better thermal designs. Along with 
our experimental capabilities, we use finite element thermal analysis and optimization and design for six 
sigma processes to evaluate alternatives that reduce temperature distribution and improve overall 
temperature uniformity. For this paper, we modeled a Panasonic prismatic NiMH module (Figure 1) with 
air-cooling and applied the basic six sigma quality principles; but the techniques can be applied to any 
battery configuration with other cooling methods.   
  
2.       The Parametric Deterministic Model 
 
NREL’s tests of the Toyota Prius NiMH battery in and out of vehicle [1-2] have given us a good 
understanding of battery thermal characteristics and response to various power demands required by the 
vehicle. As the electrical power is discharged/charged from/to the battery during a drive cycle, the battery 
heats up, mostly due to ohmic inefficiencies. The Prius pack uses forced air between the modules for heat 
removal/exchange. A parametric finite element model that can predict the maximum temperature (Tmax) 
and the maximum differential temperature within the pack (dT) was built. The gap spacing (tgap) between 
the battery cells, the cooling fan flow rate (Frate), and the internal electric resistance (R) of the cells were 
considered to be the three input design variables.  The core, plastic case, and air space were considered in 
the Finite Element Analysis (FEA) model.  Figure 2 shows a cutout view of the solid model with the case 
in purple, the core in cyan, and dead air space in red.  Table 1 lists the material properties used in the FEA 
model.  Figure 3 shows a typical temperature distribution of the parametric deterministic FEA model. 
 

Table 1:  Physical Parameters of the Parametric Finite Element Model  
 

  

Battery 
Core 

Properties

Module 
Plastic 

Coating 

Air 
Properties 

  Thermal conductivity (W/m K) 15.0 0.170 0.0258 

  Density  (kg/m3) 2327 1930 1.10 

  Heat capacity (J/kg K) 810 910 1013 

  Internal resistance  (ohms) 0.02 n/a  n/a 

  Battery current (amps) 15.0 n/a n/a 

  Air gap between modules (m) 0.002 n/a n/a 
 
3.       The Probabilistic Design Loop 
 
We assumed that all three design variables would exhibit normal distribution with given mean (µtgap, µR, 

µFrate) and standard deviation (σtgap, σR, and σFrate) values (Figure 4). To perform the analysis, we made the 
following assumptions to capture various possibilities. The mean values of the air gap and flow rate were 
considered control variables.   
1. The mean value of the internal resistance and standard deviations of all three input design variables 

were considered as noise variables since they were out of the control of the battery pack designer.   
2. The mean value of the gap (µtgap) was allowed to vary within a range of 1 mm and 3 mm.  The 

standard deviation of the gap was assumed to be 5% of the mean value σtgap = 0.05*µtgap.  
3. The mean value of the electric resistance of cells was allowed to vary within a range of 0.01 - 0.03 

ohms. The standard deviation of resistance was assumed to be 10% of the mean value, σR = 0.10*µR.   

 



4. The mean value of the flow rate was allowed to vary within a range of 0.25 to 1.5 scfm per module. 
The standard deviation of the flow rate was assumed to be 15% of the mean value, σFrate = 0.15*µFrate.  

 
Given a set of mean values for these input design variables and an assumed distribution, one may easily 
generate a large set of random numbers for each variable.  Several sampling techniques are available to 
generate combination sets of design variables including Monte Carlo, Latin Hypercube Sampling (LHS), 
Central Composite, Box-Behnken Matrix, etc. [3-7].  If the “experiment” is fast, the inexpensive Monte 
Carlo and LHS sampling techniques work well.  If the “experiment” is time consuming and expensive, the 
Box-Behnken Matrix in combination with the response surface technique is preferred. In this case the 
“experiment” is a thermal finite element analysis, which is time consuming. Therefore, Box-Behnken 
Matrix sampling was used in combination with Forward-stepwise-regression.  The probabilistic design 
loop is fully automated and, if one views this loop as a transfer function, the mean values of the three 
design variables can be considered as inputs (µtgap, µR, µFrate) and the mean (µTmax, µdT, µdP) and standard 
deviation (σTmax, σdT, σdP) of the attributes (maximum temperature, differential temperature, and pressure 
drop) can be considered as outputs.   
 
If a target value (upper/lower limits) or process capability indices are defined for the attributes, one may 
easily determine the design performance using the probabilistic loop's output variables.  In our design 
example TTarget = 55°C, dPTarget = 10 Pa, and dTTarget = 2.25°C.  TTarget is the maximum temperature that the 
battery could experience during operation; otherwise the battery life is severely compromised. dPTarget is 
selected to limit the power required for cooling and dTTarget is the desirable temperature difference 
between cells.  
 
An alternative way to quantify the quality of the design is to determine the sigma quality level for each 
target by solving for “nmaxT, ndT, and ndP” using the following equations. 
 

µTmax - nmaxT *σTmax ≤ TTarget                                                          (1) 

µdT - ndT *σdT   ≤ dPTarget                                                           (2) 

µdP - ndP *σdP   ≤  dTTarget                                                           (3) 

 
The overall quality level “n” is the maximum of value of nmaxT, ndT, and ndP.  Typically a six sigma quality 
level (n = 6) corresponds to 3.4 defects per million.  If the desired sigma level of quality is achieved with 
the first design, the lucky designer can stop at this point.  If the desired sigma level of quality is not 
achieved, the designer needs to adjust the controlled inputs of the probabilistic design loop (µtgap, µR, µFrate) 
and rerun his analysis.  This adjustment can be automated with a design optimization loop. 
 
4.       The Design Optimization Loop 
 
The two main control variables used as inputs for the probabilistic design loop are the mean value of the 
air gap and the flow rate.  The three main outputs of that loop are the sigma quality levels of each one of 
the three targets.  The designer's goal is to select the sets of values for the design variables (µtgap, µR, µFrate) 
that maximize the minimum value of the three-sigma quality levels.  The optimization setup in 
mathematical form is: 

Find the values of µtgap, µR, µFrate  that 
Maximize the min [nmaxT, ndT and ndP] 
subject to the design constraints of: 
1.00 mm < µtgap < 3.00 mm 
0.25 scfm < µFrate < 1.5 scfm 

 



 
This task has been fully automated with the design optimization loop [9].  Since each “experiment” in this 
loop is computationally expensive, the D-optimal sampling technique was selected to choose the initial 
set of trials.  The sequential unconstrained minimization technique was selected as the optimization 
method.  Reference 7 shows the workflow for the optimization loop.   
 
5.       Results  
 
5.1       Loading and Boundary Conditions  
 
The boundary conditions applied to the thermal FEA model include convection on the top and the two flat 
sides of the module.  The heat transfer coefficient for the top and side areas was calculated based on the 
airflow rate.  A heat transfer coefficient of 5.0 W/m2 K was applied at the bottom and two ends of the 
module.  The inlet air temperature was assumed to be 25°C and varied linearly along the height of the 
module, with the outlet temperature calculated from: 
 

Tout  = / cp + Tin            (4) q& m&

m& q&

q&

 
where cp is heat capacity,  is mass flow rate, and  is heat generation rate inside the battery 
core, which also could be calculated based on internal battery resistance (R) and input current (I). 
  

 = I2R            (5) 
 
The input current was assumed to be constant at 15 amps.  This is based on the average current levels 
measured during several different vehicle-driving cycles.  The nominal internal resistance, based on 
measured values, was 0.02 ohms. 
 
5.2       Results of the Probabilistic Analysis 
 
A typical set of probability density functions of the parametric FEA input model are shown in Figure 4. 
These probability density functions represent a single point in the design space corresponding to a mean 
value of the air gap µtgap = 2.0 mm, standard deviation of the gap σtgap = 0.10 mm, mean value of the 
electric resistance of the cells µR = 0.01 ohms, standard deviation of the resistance σR = 0.001 ohms, mean 
value of the flow rate µFrate = 1.0 scfm, and standard deviation of the flow rate σFrate = 0.15 scfm. 
Executing the probabilistic design loop resulted in a probabilistic distribution of the response attributes 
(maxT, dT, dP).   
 
Figure 5 shows the histogram of the maximum temperature (maxT response attribute) for the probabilistic 
design loop corresponding to input values shown in Figure 4.  The green vertical lines are placed in 
standard deviation increments from the mean value.  If, for example, the upper specification limit (USL) 
was 70°C, the quality level is nmaxT = 2.6 σ, which is the distance between the target and the mean value 
in standard deviation units.  Similarly, Figure 6 shows the histogram of the temperature differential (dT) 
corresponding to input values shown in Figure 4. In this case the USL is 2.25°C and the quality level is 
ndT = 2.15 σ.  Figure 7 shows the histogram of the pressure drop (dP) corresponding to input values 
shown in Figure 4.  In this case, USL is 10 Pa and the quality level is ndP = 3.3 σ.   
 
All the results shown in Figures 4 -7 correspond to a single point in the design space for a given mean air 
gap and mean flow rate (µtgap = 2.0 mm and µFrate = 1.0 scfm).  For future reference this will be design 
point A.  The probabilistic analysis was automatically repeated for a range of values of the µtgap and µFrate 
and the sigma quality levels for all three requirements were found.  Figure 8 shows the effect of air gap on 

 



the quality level for the maximum temperature target (55°C) and various values of the flow rate.  For 
maximum temperature, as the mean air gap increases the quality level decreases and as the mean flow rate 
increases the quality level increases.  If quality was the only requirement, we could select (using Figure 8) 
the values of the air gap and flow rate for a desired quality level.  For example, for a six-sigma quality 
level the mean air gap should be greater than 1.2 mm and the mean flow rate should be greater than 1.2 
scfm.  For future reference this will be design point B (µtgap = 1.2 mm and µFrate = 1.2 scfm).   
 
Figure 9 shows the effect of air gap on quality level for the temperature differential target (2.5°C) and 
various values of flow rate.  For the temperature differential, as the air gap increases the quality level 
decreases and as the flow rate increases the quality level increases.  For the temperature differential 
requirement, the sigma level of design point B is about 13.   
 
Figure 10 shows the effect of air gap on sigma quality level for the pressure drop target (2.5°C) and 
various values of the flow rate.  For pressure drop, as the air gap increases the quality level increases and 
as the flow rate increases the quality level decreases (contrary to the trends observed in the previous two 
targets).  For this design requirement, the sigma level of design point B is negative which is unacceptable.  
In order to obtain the best design point in the presence of conflicting requirements the sigma quality level 
for all three design requirements has been plotted versus the mean value of air gap in Figure 11.  For air 
gaps less than 1.9 mm, the pressure drop target controls the design and for air gaps greater than 1.9 mm 
the maximum temperature target controls the design. The intersection of the maximum temperature and 
pressure drop curves define the best design point, as shown in Figure 11. 
 
5.3       Transient Response  
 
Simulating steady state analysis is very efficient mathematically, because the final air bulk temperature 
can be computed from a closed-form solution and the heat generation rate is constant.   In order to 
examine the transient response of the core temperature versus time for prismatic batteries under the 40 
kW FreedomCAR Power-Assist Profile [10] a transient finite element model was built and validated.  
Since the air bulk temperature varies versus time, a set of three-dimensional thermal fluid elements with 
the ability to conduct heat and transmit fluid was used.  Heat flow is due to conduction within the fluid 
and the mass transport of the fluid.  Convection from the fluid to the external battery surface is accounted 
for in the film coefficient that is related to the fluid flow rate.   
 
The transient heat generation of the core is computed from the 40 kW FreedomCAR Power-Assist profile 
via a thermal efficiency factor.  Figure 12 shows the power and heat generation for a prismatic battery 
module based on a battery size factor (BSF) of 38 and assuming round trip energy efficiency of 0.9.  BSF 
represents the minimum number of modules required to meet all the FreedomCAR performance and life 
goals [10].  Figure 13 shows the maximum, minimum, and average core temperature versus time for the 
40 kW FreedomCAR Power-Assist Profile at Palm Springs (with maximum ambient temperature 45°C 
per FreedomCAR test manual [10]) with high airflow rate (3 scfm).  All three curves approach their 
corresponding steady-state values asymptotically. The high frequency variation of these curves 
corresponds to the frequency of the pulses within the power profile.  The icon shown in Figure 13 is a 
partially sectioned view of the temperature distribution of the module.  The left portion shows the 
temperature distribution of the flow channels and the outside surface of the module.  The right portion 
shows a section view of the middle of the module (through the core).  Figure 14 shows a comparison of 
the core temperature versus time for low (1.0 scfm) and high (3.0 scfm) airflow rates.  The icons shown in 
Figure 14 are the temperature distributions (with the same scale) of the module at a middle plane for low 
and high airflow rates.  The maximum differential module temperature appears at steady-state and is 
4.04°C for the low flow rate and 1.75°C for the high flow rate. 
 
From the transient thermal analysis we can observe that for a 40 kW FreedomCAR Power Profile the 
maximum, minimum, and average core temperatures reach their steady-state values at the same time; at 

 



approximately 30 min.  The modules with high flow rate reach their steady-state values 60% faster than 
the modules with low flow rate and their average temperature is 90% lower and their maximum 
differential module temperature is 43% lower. 
 
6.       Conclusions   
 
This paper examined a process of using design for six-sigma to improve the robustness of battery thermal 
management for hybrid electric vehicles. We used finite element thermal analysis, along with 
optimization and design for six sigma processes to evaluate alternatives for reducing temperature 
distribution and improving overall temperature uniformity among cells over the range of battery operation 
and conditions while minimizing parasitic losses. The methods presented show how variations in input 
parameters and conflicting design constraints can be accounted for when designing battery thermal 
management systems. We applied the process to an air-cooled, prismatic NiMH module. With the 
existing set of design requirements imposed, only 2.5-sigma quality level achieved.  Relaxing design 
constraints (max temperature, temperature differential, and maximum pressure drop) could result in 
higher-level design quality. 
 
7.        Symbols 

BSF  Battery Size Factor 
USL  upper specification limit 
cp  heat capacity 
dPTarget  target for differential module 

temperature 
dTTarget  target for pressure drop 
I  input current  
Tin  inlet air temperature 
Tout  outlet air temperature 
Ttarget target for maximum cell 

temperature 
µtgap mean value of  air gap between 

modulus 
µR mean value of internal cell 

resistance 
µFrate mean value of flow rate 

 
µTmax mean value of maximum 

module temperature 
µdT mean value of deferential 

module temperature 

µdP mean value of pressure drop 
nmaxT quality level for maximum 

temperature target 

m&

q&

ndT quality level for temperature 
differential target 

ndP quality level for pressure drop 
target 

σtgap standard deviation of air gap  
σR standard deviation of cell 

resistance 
σFrate standard deviation of flow rate 
σTmax standard deviation of maximum 

module temperature 
σdT standard deviation of deferential 

module temperature 
σdP standard deviation of pressure 

drop 
R  internal battery resistance 

  mass flow rate for cooling fluid 
  heat generation rate 
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9.        Figures 

 

Figure 1: Panasonic NiMH Battery Module (7.2V, 6.5 A) Studied 

 
Figure 2: Parametric Solid Model of the Module in Figure 1 

 

Figure 3: Typical Temperature Distribution in a Module 

 



 
 

Figure 4: Probability Density Functions Of Input Parameters 

 



 
Figure 5: Histogram of maximum temperature and sigma quality levels 

 

 
Figure 6: Histogram of temperature differential and sigma quality levels 

 

 



 
Figure 7: Histogram of pressure drop and sigma quality levels 

 

 
Figure 8: Effect of air gap on sigma quality level for Max Target = 55 °C 

 



 
Figure 9: Effect of air gap on sigma quality level for dT Target = 2.5 °C 

 

 
Figure 10: Effect of air gap on sigma quality level for dP Target = 10 scfm 

 



 
 

Figure 11: Effect of air gap on overall sigma quality levels 

 

 
Figure 12: FreedomCAR 40-kW Baseline Power Assist and Heat Generation Profiles 

 



 
Figure 13:  Core Temperature versus Time for 40 kW FreedomCAR Power Profile at Palm Springs with 

High Air Flow Rate 

 

 
Figure 14: Average Core temperature versus time for 40 kW FreedomCAR Power Profile at Palm Springs 

with Low and High Air Flow Rate 
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