
 

THERMAL ANALYSIS OF AN ENERGY STORAGE SYSTEM FOR A BATTERY ELECTRIC 
SWITCHER LOCOMOTIVE 
 

 

James A. Kreibick

The Pennsylvania State University

University Park, PA, USA

Timothy P. Cleary

The Pennsylvania State University

University Park, PA, USA

Marc Serra Bosch

The Pennsylvania State University

University Park, PA, USA

Brent Ballew

Norfolk Southern Corporation

Roanoke, VA, USA

ABSTRACT 

Often, available power from an in-vehicle energy storage system 
is governed by thermal limitations. Modeling of battery pack 
thermal response is crucial to managing its cooling system 
energy consumption and estimating available charge/discharge 
power for future locomotive tractive and regenerative effort. 
Active cooling through forced air flow was simulated using 
computer-aided design of the battery pack and its enclosure. 
Module scaled (series string of 54 12V batteries) testing and 
modeling of both air flow and temperature distribution was 
performed and validated for sealed lead acid carbon batteries. A 
controller area network and data logger collected temperature 
data from 218 sensors placed throughout a battery pack module 
during electrical loading for both switcher and over-the-road 
cycles while under various environmental thermal loadings. A 
blower on-off control algorithm was optimized to minimize 
energy consumption and implemented based on temperature 
array statistics. 

INTRODUCTION 

For much of the past one hundred years the transportation 
industry has been powered by fossil fuels. Present-day society 
has encouraged the transition from fossil fuel transportation to 
more environmentally friendly ways, such as battery electric 
drivetrains. The rail industry is no exception to this trend. By 
taking advantage of the growing advances in battery technology,

more energy-efficient locomotives are possible. This paper 
presents the testing used to determine the battery blower control 
logic that minimizes the temperature variation among the battery 
population as well as minimizing the energy consumed by the 
battery blower. 

Through computational fluid dynamics (CFD) modeling the 
NS999 battery container was optimized for uniform airflow 
across the battery strings to eliminate hot spots from occurring. 
The enclosure was designed to replicate one of the sixteen 
sections of the proposed full system. The NS999 was redesigned 
to use two 10-hp blowers to ventilate the battery container with 
ambient air. Using the battery blowers in continuous operation 
during an 8-hour shift would result in an additional 150 batteries 
required onboard the platform. On this platform, space is a 
premium, so it is necessary to use blowers minimally to reduce 
hotel loads from battery ventilation and cooling.  

NOMENCLATURE 

    EV       Electric Vehicle 

CAN  Controller Area Network 

ESS Energy Storage System 

SOC   State of Charge 

SOH   State of Health 
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LaC     Lead Acid Carbon Battery 

PPU     Power Processing Unit 

AV       AeroVironment 

ROS     Remote Operating System

DOE     Design of Experiments 

 

NS999 Architecture 

A switcher locomotive is typically optimized for short transits 
around the train yard to move equipment from one track to 
another. With this in mind, switchers are low powered but have 
high starting torque to roll cars quickly. Currently, most switcher 
locomotives are powered using a diesel prime mover. Norfolk 
Southern has converted a traditional diesel-electric switcher to a 
battery-electric switcher (NS999). The NS999 contains 16 
strings of 54 series-connected batteries. A typical switcher 
locomotive runs for one 8-hour shift. Therefore, a refurbished 
electric locomotive must meet this same demand. 

 

FIGURE 1: NS999 LOCOMOTIVE

Energy Storage System (ESS) 

During testing, only one battery string (54 series batteries) was 
tested and modeled. Despite this limitation, all variables were 
scaled accordingly to represent the NS999 on the platform. 

The LaC batteries use a lead acid battery positive electrode and 
a negative electrode made of activated carbon. LaC technology 
offers performance advantages for a switcher locomotive job 
profile. These advantages are fast recharge rates, long cycle life 
in deep discharge applications, and minimal required 
maintenance. In most applications, the heavy weight of LaC is a 

disadvantage, but in the switcher locomotive application this 
extra weight generates better adhesion. Table 1 shows the full 
capabilities of the batteries used in this paper. 

TABLE 1: LAC BATTERY PARAMETERS

Configuration 54s 

Chemistry LaC 

Pack Voltage Range 324V-729V 

[Nominal Voltage] [648V] 

Capacity 63 Ah 

Max Cell Voltage 13.5 V 

  

Min Cell Voltage 6.0 V 

  

COMPUTATIONAL FLUID DYNAMICS 

Through CFD, modeling the NS999 battery container was 
optimized for uniform airflow across the battery strings to 
eliminate “hot spots” from occurring.  Maintaining consistent 
battery temperatures within the container will prevent uneven 
aging due to thermal effects which will increase the need for 
battery replacements and maintenance. 

For testing purposes, the Penn State Battery Application 
Technology Testing & Energy Research Laboratory 
(BATTERY) replicated a 1/16th-section of the battery container. 
Figure 2 shows the dimensions of the battery container. The 
battery container consists of a blower that distributes ambient air 
through the side and bottom ports to force air over a battery 
string. From there, the forced air flows out the exhaust port back 
into the atmosphere. 
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FIGURE 2: ENCLOSURE DIMENSIONS

 

Using anticipated heat generation rates of both 15W and 25W 
per battery, two tray (6 batteries grouped for ease of installation) 
spacing configurations were modeled and simulated through 
SolidWorks 2012 [2] Flow Analysis Toolkit, where each 
configuration was analyzed for each value of heat generation. 
The inter-tray battery spacing characteristics were: 

�  A spacing:  0.2205 in (long side) and 0.0 in (short side) 
�  B spacing:  0.5 in (long side) and 0.75 in (short side) 

Besides heat generation, two other assumptions were carried out 
to optimize the modeling validation. They were:

1. Total number of 12 V modules =  

6/tray x 9 trays = 54 batteries

2. Total heat generated = 1.35 kW/ 810W 

The CAD model was developed based on an input of a blower 
map of flow rate vs. pressure. Then the parameters fluid 
temperature, pressure, vorticity, and velocity were used for 
validating the battery enclosure for each heat-generating 
scenario. 

Figure 3 summarizes each parameter for the A spacing 
distribution and when the heat generated per 12V module is 
assumed to be 25W. Since the heat generated is the highest per 
12V module and spacing A has no space where air can flow 
without restriction this creates the most extreme heat generating 
condition in this setup. 

 

FIGURE 3: CAD OF THERMAL HOT SPOTS

Each image in Figure 3 is taken from the center plane normal to 
the front of the battery. The fluid temperature image shows how 
the batteries and top of the enclosure reach the hottest 
temperatures when compared to the rest of the system. With 
forced convection, hot air movement can be related to air density 
or blower flow rates. Since this deals with high flow rates, it is 
likely the cause of hot air residing towards the top of the 
enclosure. 

Pressure remains high but consistent through both the bottom 
and side ports, but significantly decreases once the forced air 
flow reaches the 12V batteries. This is not a surprise, since 
Figure 2 shows that the area inside the enclosure is larger than 
either port opening. Pressure is a function of volume, so with 
greater volume, pressure will logically decrease. 

Air flow orifices are not equally spread throughout all the sides 
of the pack, so some batteries have a larger vorticity effect, or 
greater turbulence. However, this is a positive effect since the 
extra turbulence of the air helps to remove the heat from those 
batteries.

This analysis was made for each heat generation and spacing 
configuration. Table 2 displays the results found from 
simulation. 

TABLE 2: SUMMARY OF CFD DATA

 

Several conclusions can be drawn from Table 2. First it shows 
that the maximum air temperature / battery temperature was
approximately 2 degrees lower with spacing B. However the 
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pressure drop is very similar regardless of spacing. In reference 
to the vorticity, in the spacing B tray it is substantially higher, 
likely due to the relatively small holes in the trays and tray 
covers. The maximum velocity is about 1 m/s lower in the 
spacing B tray because the restriction to flow is lower. Therefore, 
spacing B presents better results, since additional openings in 
various tray parts creates increased air flow. 

BATTERY ENCLOSURE 

For battery packs to be used in the field, an enclosure must be fit 
around the battery to ensure that batteries are protected from the 
environment (rain, high temperatures). The NS999 battery setup 
is no different. Using galvanized steel, a metal fixture was fit 
over the battery rack. Figure 4 shows the galvanized steel 
enclosure that was designed and machined to match the 
dimensions of Figure 2. 

 

FIGURE 4: BATTERY ENCLOSURE

 

BATTERY COOLING SETUP 

On the locomotive platform, air flow is generated from two 10-
hp blowers. As is shown in Figure 5, the blower forces air into
the lower plenum inlet ports and the vertical plenum inlet ports. 
Forcing air onto the batteries in multiple locations helps to spread 
air flow equally throughout the container in an attempt to extract 
heat evenly from the batteries during varying loading conditions.  

 

FIGURE 5: 10 HP BLOWER

Temperature sensors are located before and after the blower to 
measure ambient temperature before forced air flow reaches any 
batteries, as well as at each plenum opening. Temperature is also 
recorded at the exhaust of the enclosure to calculate the change 
in temperature by Equation 1. This is later used to support the 
blower logic algorithm. 

TEMPERATURE SENSOR SETUP

To validate the test setup, it was important to measure 
temperature throughout the battery pack. In total, 17 Maxim 
DS18B20 single wire digital temperature sensors were added to 
each tray in the pack. Figure 6 shows the location of each 
temperature sensor per tray, represented by the green circles. 
Although the green circles indicate that sensors are located on 
the top, they are located in the mid plane. 

 

FIGURE 6: TEMPERATURE SENSOR LOCATION PER TRAY

EQUATION 1

)()( PortsPlenumxTempExhaustxT
��

���
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Besides each battery tray, the battery enclosure is equipped with 
29 temperature sensors evenly distributed across all faces of the 
enclosure as well as ambient air and blower temperature sensors. 
Figure 7 shows the location of each temperature sensor in the 
enclosure setup. The red circles show those sensors for 
measuring air temperature, whereas the remaining temperature 
sensors are for surface measurements on the enclosure. 

 

FIGURE 7: ENCLOSURE SENSOR LOCATIONS

The DS18B20 sensors provide 12 bit readings in a 55 to 125 °C 
range, resulting in a resolution of 0.044 °C and accurate to ±0.5 
°C. Throughout the battery enclosure and batteries, there are a
multitude of surfaces with varying thermal contact resistance. To 
uniform surfaces, 3M PTFE thermally conductive adhesive tape 
with electrical insulation resistance was utilized for each sensor 
location. 

LIGHT SETUP 
To match the external thermal loads seen on the NS999, a light 
source was utilized in the lab to mimic a typical sunny day. Initial 
testing was completed by placing the battery enclosure outside 
and collecting temperature response data. Lights were then 
added to the enclosure to match the thermal loading measured.
During testing, however, heat lights were used to match the worst 
possible conditions, no variations in intensity beyond on or off. 
Graph 1 presents the data collected outside during a sunny day.

 

GRAPH 1: OUTDOOR TEMPERATURE DATA

TESTING SETUP: Power Processing Unit 

The Penn State BATTERY lab has PPU equipment (AV900) 
which is capable of ±1000 amps and 900 volts, with power 
limited to 250 kW. With a max module voltage of 13.5 V, one 
string will never be greater than 729 V. Testing will never exceed 
100 amps charge or discharge as the NS999 IGBT’s limit the 
current. The AV900 is well within specifications based on
equation 2. 

The AV900 is controlled via ROS software located on the host 
computer of the BATTERY lab. This software allows for 
automation of testing and electrical loading of the pack under 
test. 

Testing Setup: Data Acquisition 

Throughout all testing, voltage, current and temperature are 
broadcast and recorded over CAN communication. Each 
component on the communication bus acts as its own node, 
except for the Simulink Real-Time [1] machine which serves as 
a gateway to and from the AV900. There is only one bus in this 
setup since each component runs at the same bus speed of 500 
kbps. The Simulink Real-Time target computer runs compiled 
Simulink code to control the main power switch on the battery 
string, the lights to simulate the sun, and the blower for cooling. 
Vector [3] hardware and software were then used to record and 
monitor all data over the CAN bus to be used for analysis. 

Figure 9 shows at a high level how each component is integrated 
into the testing loop. Starting from the host PC, compiled 
Simulink code is used to run the target computer, which controls 
relays for both the lights and blower. CAN data are also fed in 

MaxCurrentncelltageMaxCellVolMaxPower **�
EQUATION 2
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through this target computer for logic control and are then logged 
for later analysis on the host PC. The host PC is also utilized to 
communicate with the AV-900 PPU. 

FIGURE 8: LAB COMPONENTS

BLOWER ON-OFF CONTROL ALGORITHM 

Since the NS999’s sole prime mover is battery electric power, 
the blower for battery cooling will also draw its power from the 
battery pack. The decision to turn on the blowers is crucial to 
maximizing possible shift work length and the life span of each 
battery. 

Testing replicating the power loads of the NS999 was conducted 
by loading the battery pack from the AV900. Figure 10 shows 
the power loading of a switcher locomotive over a 10-minute 
period. 

 

GRAPH 2: SWITCHER POWER PROFILE

While the AV900 is following this power profile, the Simulink 
Real-Time target is running a Simulink model for controlling the 
blower based on delta temperature (enclosure vs ambient),

battery temperature standard deviation, and a pulse generator 
that is running on a compiled Simulink model. After extensive 
preliminary testing, experiments were reduced down to three 
design of experiments, as seen in Table 3. 

TABLE 3: DOE CONTROL PARAMETERS

  
DOE Control Parameters 
Pulse Generator Temperatures 

Test 
Number 

Period 
(min) 

Duty 
Cycle (%) 

Standard 
Deviation (°C) 

∆T 
(°C) 

10.1 16 25 5 4 
10.2 16 25 5 6 
10.3 16 25 5 8 

 

Through earlier testing it was determined that standard deviation 
played little role in determining blower logic. Therefore, the only 
variable among tests was the ∆T. Using these parameters for 
blower control allows for optimization of power consumption 
due to blower use. Equation 1 shows the formula for ∆T, and 
Equation 3 shows how standard deviation was calculated. 

TESTING PROFILE 

Each test performed on the battery pack consists of the same 
electrical loading, recharging, and thermal conditioning profile.
Each test started with a fully charged pack, then entered the 
switcher cycle, where the AV900 varies the loading profile 
displayed in Graph 2 for up to an 8-hour shift schedule. During 
this profile, the heater lamps are turned on to replicate thermal 
loads exhibited in Graph 1. If the blower logic is ever high based 
on our algorithm, the blower turns on, and the power consumed 
by the blower is then taken from the battery pack to account for 
this accessory load. Once an 8-hour time limit is reached, voltage 
or thermal limitations are met, the test enters a charging phase. 
The charging stage of the battery pack is conducted based on the 
charging capabilities at the Norfolk Southern facility for the 
NS999. The most charging current one string of an NS999 
battery pack will see is 20 amps, and then decreasing 
incrementally when upper voltage limitations are reached. 
Current is dropped once voltage limits are reached to achieve 
100% SOC.  

After a brief rest period, the thermal conditioning phase of the 
test starts. Thermal conditioning is considered finished once an 

�

�

�� � 2)^(/1
1

�� xiN
i

EQUATION 3
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8-hour window is over, or ∆T = 3 °C. This concludes the testing 
profile. 

RESULTS FROM DOE TESTING 

Upon completion of multiple runs of the DOE tests, it was clearly 
observed that some runs more effectively cooled the battery 
enclosure than others. Graph 3 shows DOE 10.1 running through 
the switcher cycle, indicating that when the blower is switched 
on, there is a significant dip in ∆T. This drop in temperature over 
the battery enclosure results in the blower switching off to 
minimize this accessory/auxiliary load on the platform.  

 

GRAPH 3: DOE 10.1

Graph 4 shows similar results to Graph 3, but less effective in 
cooling when the blower is turned on. This is displayed by the 
slow but consistent rise in ∆T despite the blower being on. If 
these parameters were set on board the NS999, temperature 
would not be effectively controlled. 

 

GRAPH 4: DOE 10.2

The last DOE test’s data, 10.3, are represented in Graph 5. Here, 
the blower is constantly turning on and off at a repeatable period 
without any control over battery enclosure temperature. This is 

evident from the steady increase in ∆T over the entire switcher 
cycle. 

 

GRAPH 5: DOE 10.3 

Overall, DOE 10.1 parameter settings were deemed the most 
effective in controlling temperature, because of the three types 
of tests, this was the only test able to control and minimize 
temperature during a switcher cycle. By accomplishing this, 
energy on board the platform will be minimized for auxiliary 
loads and used primarily for propulsion across the yard. 
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