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Abstract
Telecommunication systems are expanding around the world. From infrastructure networks to macro and
pico systems, including RBS (Radio Base Station). To ensure the availability of RBS during a shortage on
the electricity grid, Ericsson AB developed BBS (Battery Base Stations) and BBU (Battery Base Units).
The battery temperature is very critical to the battery life and the battery’s electrical performance. Taking
energy efficiency and environmental issues in consideration, the need of a battery thermal management
system increases. Therefore, sustainability is included to the core of this project.

The performance of VRLA (Valve Regulated Lead-Acid) backup batteries for telecommunication RBS can
be greatly improved by keeping an adequate control of the battery temperature. A solid relation between
temperature and battery lifetime exists, which urges the need to keep batteries around their optimal life
and performance temperature; 25°C. Different ways of cooling currently used at Ericsson AB are
presented in this paper, including different ways of improving the cooling system performance. By testing,
the variation of battery temperature with different air gaps separating the batteries were monitored.

Other cooling methods, such as liquid cooling and PCM (Phase Change Materials) were also studied.
Literature studies and test results showed a promising potential for such technologies to be granted green
light to be used for future products. Tests were made to study the thermal conduction within battery cells.
The efficiency of liquid cooling was tested as well; a cold plate heat exchanger was manufactured and used
for the preliminary testing.
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1 Word List
 RBS: radio base station, contains all the radio equipments and servers. In radio base stations,

radio signals are generated.

 BBS: battery base station, contains the backup power batteries for RBS.

 BBU: Battery base unit, contains less amount of batteries than BBS

 Thermal runaway: when there is a positive feedback between voltage and temperature which leads
to the deterioration of the battery cells.

 PCM: phase change materials, are mainly used for energy storage.

 BFU: battery fuse unit, is a temperature sensor that controls charging of a battery.

 DOD: depth of discharge, measures the discharge depth of a battery.

 SOC: state of charge, is an indication about the battery capacity.

 DAC: direct air cooling; is an air cooling system using fans.

 COP: coefficient of performance.

 TEC: thermoelectric cooling, is a cooling system that uses Peltier coolers.

 VRLA: Valve Regulated Lead-Acid, batteries that allow the generated gases to escape the battery
cell.

 LTE: Long term evolution, known nowadays as 4G.
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2 Introduction

The use of the telephone, the television, the computer and the radio are examples of electronic devices
involved in telecommunication. Today, the telecommunication market has four billion mobile
subscriptions and is expected to reach over six billion subscriptions year 2012. Emerging markets stand
for the majority of growth and two important examples of these are the mobile broadband breakthrough
and the growth of the broadband. Mobile broadband devices such as handsets, dongles and embedded
modules doubled and reached about 300 million users in 2008 and the use of broadband such as
interactive television and HDTV (High-Definition Television) has now reached about 400 million users
[1].

One of the world-leading providers of telecommunications equipment and related services to mobile and
fixed network operators globally is the large Swedish company Ericsson AB (Telefonaktiebolaget L.M
Ericsson). Over 1,000 networks in more than 175 countries utilize Ericsson’s network equipment and 40
% of all mobile calls are made through the company’s systems [1]. Ericsson also provides data
communication systems and a wide range of technology service offering with mobile networks especially
included. Cable TV and IPTV system and mobile devices through the company’s Sony Ericsson joint
venture are also domains where the company has a major role. Included are mobile devices supporting
multimedia applications and other communication services. The company’s intellectual property portfolio
contains over 23 000 patents and Ericsson can offer end-to-end solutions for all major mobile
communication standards [1].

The networks are built with radio base stations. To ensure 100% availability, backup batteries are supplied
either within radio base stations or in separate battery base units. Back up batteries in different operation
modes generate heat due to an electrochemical phenomenon that occurs in battery cells. When they get
warm, batteries may lose from their operating lifetime. To prevent batteries and BBS from getting heated
up, different climate solutions have been studied and investigated in this report. An overview over the
current solutions already in use at Ericsson is presented, which made it possible to gain knowledge in
optimizing their performance in order to decrease the system overall cost and to save energy; this can keep
Ericsson on the global sustainability track. Moreover, new technologies are presented, such as PCM and
liquid cooling using a cold plate heat exchanger technology. A theoretical study has been made for the
previous new technologies, providing a promising future in application.

Also to be mentioned, a study of the battery different lifetimes and its dependency on temperature has
been made. Finally, to get a real feeling over the battery thermal conduction and its core temperature,
batteries underwent a test in different operation scenarios - float and cycling. This test gave an idea about
the real battery core temperature value compared to the temperature read by the BFU.

When a battery is being charged or discharged, the heat generation caused by the flowing current raises
the temperature until balance is achieved between heat generation in the cell and heat dissipation to the
environment.
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2.1 Purpose
The purpose of this thesis is to study different methods of cooling backup batteries that are used for RBS
at Ericsson, but also other possible methods for Ericsson to use.

2.2 Interesting questions
The purpose serves as a main question that can be divided into several points and by investigating these,
the main question can be answered:

1. How does the temperature affect the battery lifetime in different scenarios?
2. Are Ericsson’s current climate solutions efficient enough? If not, how to optimize them?
3. An eye on the future: is there any possibility to introduce and implement new cooling

technologies?
4. How much should Ericsson AB invest in implementing such technologies, without affecting the

global supply of RBS and BBS?

Figure 1: parts of the purpose that when answered stepwise, the main purpose can be fulfilled.

2.3 Delimitations
A delimitation of this study is that the ideal lab tests for this thesis should continue for a longer time
period than the one set off for this thesis. Another delimitation is that this study only can cover a smaller
part of the whole subject area and that excludes other climate solutions. The liquid cooling system that
used a cold plate in this study was manufactured in a short time, which limited the possibility to optimize
its thermal efficiency.

2.4 Limitations among references
To treat all the sensitive internal information that have been used for this thesis carefully, this report takes
confidentiality in consideration and does therefore not mention any names of persons and internal
documents that have provided information to the study. In the reference list, the respondents and the
documents are only referred to as “internal interviews” or “internal documents”.

Knowledge about the
affect of temperature
on battery lifetime in
different scenarios.

Study of possible
future cooling
technologies.

Future battery cooling
recommendations for
Ericsson AB.

Study of the efficiency
of Ericsson AB’s
current climate
solutions.
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2.5 Disposition overview

The disposition overview of this report is illustrated in figure 2. In the center of the figure where the three
circles overlap each other is the main outcome of this study; recommendations for battery cooling
solutions. To be able to reach the center, different information sources split in internal information,
benchmarking and literature are used. These information sources consist of information about other
companies (interviews, websites and presentations), internal information (interviews, case studies, internal
website and documents) and literature (research databases, interviews with scientists and books).

Internal d

External
informati

on

Recommendations for
battery cooling solutions

LiteratureExternal

Internal
information

Interviews

Tests

Website

Documents

Interviews

Websites

Presentations

Interviews

Research
databases

Books

Figure 2: overview map of the report disposition.
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3 Background

3.1 The telecommunications market situation
The telecom operating companies have a long history of powering equipment with batteries [4].  While the
bandwidths of telecommunication markets and networks increase exponentially, the current trends go
towards remote switches that are closer to the customers. That will lead to additional problems on the
environmental requirements of the equipments, including batteries. The temperature within the remote
terminals is highly influenced by the outside environment and the weather condition.

The latest quarter reports showed an increase demand on the telecommunication infrastructure and
equipments. The reason for this evolution is the spread of the LTE technology or what is known today as
4G that widened the telecommunication markets, while Ericsson exists among the top companies that are
working with this technology.

The environmental conditions for telecom operations can be restricted to the range of temperature
between -40 to 50 °C. The battery life is directly affected by the load applied, proper recharging and most
of all the temperature of the battery cells that should be maintained at optimum conditions.

In the evolution of technology and science, communication and connectivity is important. Batteries are
used for back up operation when a shortage occurs on the electricity grid. They are normally stored in
outdoor cabinets, such as BBS and BBU. Batteries can also be installed in RBS. Such compartments are
exposed to environmental conditions such as solar loads and must be kept around the optimal battery
temperature of 25 °C .

3.2 Ericsson cooling of batteries
To provide a longer battery life and at the same time a very good electrical performance, the subject of
cooling batteries at Ericsson started to gain a priority from the thermal management point of view.

In the very beginning, batteries were cooled together with the servers and other radio emitting devices in
RBS. This naturally creates a problem since batteries need to be kept at a temperature that is much lower
than the other electrical and networking devices. Here came the idea of building different types of
enclosures, where only batteries are installed. These are named BBS/BBU. Different cooling techniques
and climate systems are currently available to cool batteries placed either in RBS or BBS. Currently, a pre-
development project and research is on track and this thesis work is the initial part of the project.

Different cooling solutions are currently in application, mainly air cooling and thermoelectric cooling.
Direct air cooling is simple and easy to integrate into the enclosure, but it is not efficient at elevated
temperature. In such a situation, either active cooling using an air conditioning unit or thermoelectric
cooler gets into application.
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4 The Information Gathering Method
Qualitative and quantitative methods are chosen for this study. A qualitative method mainly consists of
researches and meetings with people involved in the field of batteries and thermal design. Quantitative
methods includes the practical tests made to verify or test the suggested theories and solutions.

A literature survey and internal meetings at Ericsson were able to supply information needed for this
work.

For the laboratory tests, assistance by battery experts at SiteTel was needed. They were able to provide
batteries with thermal sensors installed internally. Some colleagues at Ericsson gave their support in setup
and configuration of testing, such as battery connections to chargers and load dissipater.

4.1 The Collected Information
The thesis study period was six months long. A general work and time plan was created in the very first
days. In the first 6 weeks, a literature study was made.

The literature survey was included to the thesis’ time plan and examples of literature studies are literature
covering the fields of battery heat generation, influence of temperature on battery life, phase change
materials and cold plate feasibility study. The literature search was mainly made in research and article
databases, Ericsson’s internal website, documents and in books.

The last two months were dedicated to laboratory tests where the results obtained from the literature
survey were tested. Also, report finalization was included to these two months.
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5 Battery Cooling
While a battery is being charged or discharged, the heat generation caused by the flowing current raises the
temperature until balance is achieved between heat generation in the cell and heat dissipation to the
environment.

The main heat generation process takes place during the charging period. Its reversible heat effect, Joule
effect of both the charging reaction and the gas evolution all contribute to positive heat generation.
During discharge, the chemical reactions are reversed within the battery cell and heat will be absorbed
instead of being generated through the reversible heat process, providing “cooling’’ [12]. Only the
reversible heat effect of the discharge reaction will contribute into positive heat generation.

5.1 Heat generation sources in an electrochemical system
Three different types of processes are the source of heat generation within a battery cell [16]:

 Heat of reaction for the primary cell process

The heat of reaction varies with the electrolyte strength, thus it is a representative value.

For such reactions, the entropy contribution is relatively small and this leads to a thermodynamic thermal
efficiency slightly greater than unity [16]. In other words, the system tends to absorb heat (endothermic
reaction)  during a slow, reversible discharge.

To achieve reasonable current efficiencies, charging occurs during a long period of time; batteries remain
relatively “cool’’ during charge and low-rate discharge.

 Polarization heating at the electrodes

It depends on various chemical factors limiting the ability of a battery to achieve and sustain voltages that
are different from the equilibrium voltage. These overpotentials multiplied by the battery current
constitute polarization heating.

 Resistive heating due to cell construction and materials

Resistive heating may result from inefficiencies due to electrolyte conductivity, separator characteristics,
spacing and conductivity of plates and current ratings of plate connections.

There may as well be some several secondary effects which include:

 Phase change (e.g. heat of crystallization).
 Changes in heat capacities of cell components.
 Enthalpy of mixing (generation and relaxation of  concentration profiles) which can be a

significant source of heat generation (ca. 1-2 degrees of rise after full discharge).
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5.2 Heat generation in a battery
Electrochemical reactions have their own heat effects, determined by the reversible heat effect. When a
current flows through a cell, additional heat is generated by the Ohm effect from the electrode and the
electrolyte, as well as by polarization effect, which together cause ‘Joule Heating’.

5.2.1 The reversible heat effect

The reversible heat effect represents the unavoidable heat absorption or emission related to chemical
reactions [12]. It is dependent on the thermodynamic parameters of the reaction and is strictly connected
to the amount of materials that reacts. The reversible heat effect does not depend on the charge/discharge
rates.

The reversible heat effect per time unit is related to current flow by the equation: [12]

where n: number of exchanged electrons, F: Faraday constant (96485 As/equivalent), I: current in A.

Defining Ucal as being the calorific voltage. It is equivalent to:

where Uₒ: open circuit cell voltage, it is a hypothetical voltage that includes the reversible heat effect.

5.2.2 Joule Heating effect

When electrical current flows through any conducting object, it generates heat proportional to the voltage
drop caused by the current according to the equation: [12]

where Qjoule: generated heat ( Joule Effect) (J), t: time (s), ΔU : voltage drop caused by the current (V), i:
current (A). This heat is called the Joule effect and it always means a loss of energy.

In an electrochemical cell, the voltage drop is represented by the difference between the cell voltage under
the current flow (U) and the open circuit cell voltage (Uₒ).

The Joule effect can be written:

5.2.3 Total Heat generation

The sum of the reversible heat effect and Joule effect gives the total heat generation in the cell or a
battery. It is written in the form of energy:

in Wh

Or as work per unit of time:
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Depending on the sign of , the total energy generation may be larger or smaller than the Joule
effect.

The total heat generation can be written in terms of U and Ucal:

An example of different processes for different batteries is presented in table 1.

Table 1 shows a difference in the thermodynamic and thermoelectric values between the lead acid battery
and Nickel cadmium battery. The same values for water decomposition are reported as well. With ΔHs
being the enthalpy of the reaction ; ΔGs: Gibbs free energy; Qrev: reversible heat effect; Ucal: Calorific
voltage; U0.8: open-circuit voltage.

Qrev is of importance among other values. The negative value of Qrev indicates that heat is absorbed during
the reaction while the positive value refers to the heat that is emitted. The purpose of comparing different
kind of batteries is to give an idea about the different heat reactions within the different battery cells.

System Lead acid battery Ni/Cd battery Water
decomposition

Cell reaction Pb+PbO2+2.H2SO4→
2.PbSO4+2.H2O

NiOOH+Cd→Ni(OH)2+
Cd(OH)2

H2O→H2+1/2
O2

ΔHs -359.4 kJ ≈ -282 kJ 285.8 kJ

ΔGs -372.6 kJ ≈ -255kJ 237.2 kJ

Qrev=T. ΔS 13.2 kJ ≈ -27kJ 48.6 kJ

U0.8 1.931 V ≈ 1.3V 1.227 V

Qrev/ ΔGs -3.5 % ≈ 11% 20.5 %

Ucal U0-0.068V ≈ 1.44V 1.48 V

Table 1: thermodynamic processes in two different types of batteries [12]

The following figure shows voltage, current and heat generation variations during charge and discharge of
a VRLA battery. The 3rd part of the figure is the most important, where the graph shows the heat that is
generated/absorbed. The heat is mainly generated during the charging and finalization stages. It is
dependent of the depth of charge and cell voltage. On the other hand, when the battery is discharging ,a
very small amount of heat is generated due to the discharging reactions. In some configuration, heat is
absorbed by the batteries as well which provides a small cooling effect. Heat is generated in the whole
charging phase; from the start of charging to the gas emission phase and finally the finalization of
charging.
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The following figure shows voltage, current and heat generation variations during charge and discharge of
a VRLA battery. The 3rd part of the figure is the most important, where the graph shows the heat that is
generated/absorbed. The heat is mainly generated during the charging and finalization stages. It is
dependent of the depth of charge and cell voltage. On the other hand, when the battery is discharging ,a
very small amount of heat is generated due to the discharging reactions. In some configuration, heat is
absorbed by the batteries as well which provides a small cooling effect. Heat is generated in the whole
charging phase; from the start of charging to the gas emission phase and finally the finalization of
charging.
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Figure 3: voltage, current and heat generation variations with respect to charge/discharge time [12]

5.3 Heating of the battery and heat capacity
When a battery is on charge or discharge mode, the heat generation caused by the flowing current will
raise the temperature until a thermal balance is achieved between the heat generated in the cell and the
heat dissipated to the surroundings [12]. These two parameters, heat generation within the battery and
heat dissipation from the battery determine the temperature changes of the battery according to the
formula:

with Cbatt: heat capacity of the battery, Qgen: heat generated in the battery, Qdiss: heat dissipated to the
outside[12]

5.3.1 Heat conduction

The heat transfer from the battery core to the interface with the surrounding environment depends on the
materials used and on the cell’s design.

As heat is generated in a lead-acid battery, it will firstly be absorbed by the cell components depending on
their heating capacities. The cell constituents that absorb the bulk of the heat are the electrolyte and the
plate solids; the electrolyte mainly absorbs the largest amount of heat generated [12].

Heat is dissipated from a cell or battery to the environment either by natural means such as convection
and radiation or by some specifically designed mechanisms.

Where thermal management is not possible to realize, it is necessary to either modify the duty cycle of the
battery or to apply active cooling methods that involve size, efficiency, weight and cost penalties.
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Material Heat capacity  (Cal.g-1°C-1)

Lead 0.032

Lead Oxide PbO 0.052

Lead Sulfate 0.085

Lead Dioxide 0.067

Water 1

20% H2SO4 Solution 0.843

30% H2SO4 Solution 0.760

40% H2SO4 Solution 0.685

Air 0.24

Oxygen 0.22

Hydrogen 3.41

Polypropylene 0.46

ABS 0.35

Table.2 heat capacities of batteries and environmental materials [6]

The figure below shows the different ways that heat can escape from batteries in:

Figure 4: overview of heat escape from a battery [12]

1. Heat radiation.
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2. Heat flow by thermal conduction (components of the battery and its container walls).
3. Heat transport by a cooling or heating medium.

5.3.2 Heat radiation

For comparatively small temperature differences in the environment, heat dissipation by radiation
amounts approximately to 5-6 W.m-2.k-1.

This estimation shows that only with the mechanism of radiation, the battery can release the heat
generated to its surroundings.

Accounting to the previous estimation, a hot surface in the battery’s neighborhood would considerably
heat up the battery core.

5.3.3 Heat flow by thermal Conduction

Heat flow through a medium is determined by its heat conductivity and by the distance that has to be
passed. It is described by [12]:= × × ∆
where f: surface area in m2, k: specific heat conductance, d: thickness of the medium (container wall) in m.

The following table shows the specific heat conductance for some materials used in a battery build-up.

It is clearly shown that heat conductance is fairly high for materials used in a battery.

For plastic materials k is on order of 0.2 W.m-1.K-1. The heat conduction through the container wall can
be approximated, for a 4mm wall thickness:

This approximation is about ten times the radiation. This draws the conclusion that heat conduction is

Material Heat conductance W.m-1.K-1

Lead 35

Iron 80

Copper 400

Nickel 91

Water 0.67

SAN 0.17

PVC 0.16

Polypropylene 0.22

Hydrogen 10.5*10-5
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Table 3: heat conduction of some materials at room temperature [12]

fairly high even through a plastic container, and the temperature measured at the sidewall usually

represents in a good approximation the average cell temperature. This is no longer available for high loads,
where high rates discharge takes place.

5.3.4 Heat transport by coolants

It includes free convection heat transport and forced convection heat transport:

The simplest way of cooling by heat transport is free convection of air at outer vertical surfaces. It
depends on the height of the cell and for small ΔT it accounts to:

Free air convection requires a minimum 1 cm of distance between facing walls.

The objective of a proper heat management of a battery is not only to avoid a too high temperature, but
also to keep the different cell temperatures in a small difference range. Otherwise, the influence of
temperature on aging would affect different states of the cell:

1. State of charge (SOC).

2. State of health (SOH).

The excessive increase of temperature would affect the state of charging and discharging. They would no
longer be uniform. Besides, premature failure of cells that are in a specific unfavorable location would lead
to a general battery failure [2].

The following table shows a comparison between different types of heat dissipation:

Heat dissipation process Heat dissipation ( W.m-2.K-1)

Radiation 5-6

Heat flow through a plastic (polypropylene )wall of
thickness d (mm)

200/d

Heat transport by vertical free air convection 2-4

Forced air flow 25

Forced flow of mineral oil 57

Forced flow of water 390

Table 4: heat dissipation by various mechanisms [12]

Air 0.023
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6 Batteries, temperature and life
The stationary lead acid battery is the dominant power backup for telecommunication systems because of
its high reliability. They represent the oldest rechargeable battery system and have maintained the pole
position in the market for more than 100 years. Lead acid batteries were introduced on a commercial basis
by the beginning of the 1980’s [3].

6.1 VRLA batteries
Valve regulated lead acid batteries is a development parallel to the nickel/cadmium-sealed batteries that
appeared in the market a while after the 2nd world war had ended [3].

Figure 5: VRLA batteries manufactured in 1950’s by Sonnenschien [3]

VRLA batteries are the most widely used batteries because of their higher capacity and simple usage. They
do not allow a loss or addition of liquid. The flooded battery type can generate gases 60 times more than a
VRLA battery does. When a faulty condition occurs it allows for an excess of gassing which builds up
faster than it can be recombined, the safety valve then allows the pressure to be released to the battery
environment.

It is obvious that VRLA batteries have distinctive characteristics with respect to the flooded type. A
difference was observed on the cycle life performance, which doubled what it was in the beginning.
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As further development were conducted, new values confirmed the initial results and illustrated the
difference in performance between the two batteries [3]. Based on these results, some programs were
devoted to the development of this new technology (VRLA) for cycling applications.

6.1.1 Deterioration modes of VRLA batteries

Figure 6: battery deterioration [5]

Figure 6 above shows the main deterioration causes of VRLA batteries. These can be divided into two
categories depending on the usage mode:

1. Float service deterioration.

2. Cycle-use deterioration.

As for lead acid batteries for power backup for telecommunication systems, the main cause of
deterioration is the positive grid corrosion due to float charging [8]. Corrosion on the positive electrode
depends significantly on the ambient temperature that surrounds the battery. When the temperature rises,
the rate of corrosion increases and thus decreasing the battery lifetime.

6.1.2 Some advantages and disadvantages accompanying the use of
VRLA batteries

Advantages Disadvantages

No water addition Careful charging required

No Acid spillage Thermal management is more critical

Negligible Acid fumes Increase in overcharge required at high
Temperatures

Easy transportation Deep cycle life (discharge) often inferior under
optimum operating conditions
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No special ventilation requirement Not available in dry charge state

Can be operated horizontally

Less overcharge required at room temperature

Good high-rate, discharge capacity

Table 5: advantages and disadvantages of using VRLA batteries [3]

6.2 Battery life modes
The most common battery life modes are the float life and cyclic life. A battery expert at Ericsson is
working on combining these two lives to get what is called combined life of a battery.

6.2.1 Float life

When a battery is on its standby mode, not charging neither discharging, such a mode is defined as “float
life mode’’. To not allow self-discharge and decreased battery capacity, a small voltage is maintained in
between the battery terminals. This is called “float voltage’’ and anticipates in keeping the battery in the
float charge mode.

NorthStar definition of “float life’’: the float life of a battery in a standby application, it is its lifetime under real
operating conditions.

NorthStar definition of “design life”: The design life of a battery in a standby application is its life time
under predefined conditions as specified by the manufacturer.

6.2.2 Cyclic life

The chemical design factors of a battery limit its charging and discharging performance to a number of
cycles. The lifetime mode that depends on the number of cycles a battery is subject to is called “cyclic
life’’. It mainly depends on the depth of discharge during the discharge phase and on the charging voltage
while the battery is charging.



-23-

Figure 7: cycle life variation with depth of discharge [17]

The percentage of depth-of-discharge represents how deep the battery is discharged, starting from its
initial state which is 100% state of charge.

6.3 Effects of temperature on Battery Operation
Temperature is one of the most important factors that affect either the battery performance or its life,
depending on in which scenario the battery is operating.

6.3.1 Temperature and battery life

An Arrhenius equation is used to establish the relation between the operating temperature and the battery
lifetime. As an example, the life of a vented lead acid battery decreases to its half with an increment of
10°C. For VRLA batteries, this is even worse; the life is reduced by 50% when the temperature increases
by 8°C. For Nickel-Cadmium batteries, it is shown that an increase of 10°C reduces the battery life by
only 20%.= × (− × )
With v: rate of chemical process; E : activation energy of the system; R: gas constant and T : temperature
in K.

VRLA batteries are maintained within a temperature range of 20-25°C, on which their optimal
performance is based [4]. By maintaining this temperature range, the low electrical performance will be
avoided at low ambient temperatures as well as an extended battery life time.

Parameters affecting design life Parameters affecting float life

Positive grid alloy TEMPERATURE

Plastic material Float voltage
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Container design Rate of discharge

Purity Rectifier output

Etc… Maintenance

Table 6: parameters affecting design and float life [5]

6.3.2 The relationship between battery float life and temperature

As mentioned in the previous paragraph, temperature has a major effect on the battery lifetime when the
battery is on standby operation mode (float charging). The primary failure mode of the VRLA battery can
be defined as growth of the positive plate [8]. This growth is the result of chemical reactions within the
cell. Increasing the temperature would increase the growth and that may lead to a failure or damage of the
battery.

The expected float life of the VRLA battery is greater than eight years at room temperature (assumed to
be 25°C). Accelerated testing methods at elevated temperatures have been used to predict the float life.
With the aid of the Arrhenius equation, lifetime at room temperature has been evaluated.

Figure 8: battery lifetime vs. ambient temperature [5]

The float life of a battery as a function of temperature follows the Arrhenius equation. In other words,
whenever a battery gets hotter, its float life decreases. This can be illustrated by the following graph. At 25
°C, the battery has a float life of 10 years. When the temperature increases 10 degrees above 25°C, the
float life would decrease by 50%.  An additional increase of 10 degrees would dramatically decrease the
battery life. In that case, the battery would live for a bit more than 2 years.
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Fig.9: In this graph, Float life is plotted against temperature. [17]

The capacity of the battery decreases even if the battery temperature is maintained around 25°C. The
following graph shows the relation between the battery capacity and time (in days) when the battery
temperature is 25°C [15]. The different curves corresponds to different battery capacities which is then
related to the battery float life.

Figure 10: relative capacity of VRLA battery and time on float [5]

The different curves represents different batteries with different electrical capacity ( 100Ah, 150Ah and
200Ah). The lowest the initial capacity, the shortest the time on float would be. This graph shows the
difference between the three batteries of different capacity, but only at a temperature of 25°C.
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Figure 11: capacity, float life and battery temperature [17]

The rated minimum capacity of a battery is 80% of its initial capacity. When the capacity decrease below
80%, the battery is replaced. This graph shows the influence of both temperature coupled with the battery
capacity on float life. One can see the large impact of just 10 degrees increase of the battery temperature .

For the purpose of the study, these graph have been obtained in internal interviews [17] with both
Ericsson and SiteTel battery specialists for the specific NorthStar batteries. The results will not be much
different on other VRLA batteries.

6.3.3 Effect of regular cycling on float life

Regular cycling can reduce the float life of a battery. It ages the internal components of a battery and can
lead to grid corrosion, dry out, etc. Float/cycle life will be determined by a number of cycles and a float
life.

6.4 Thermal runaway
Thermal runaway is defined as a phenomenon that occurs when a process is accelerated by an increase in
temperature, releasing energy that further increases temperature and the cycle repeats itself leading to a
destructive result [7]. This is called “positive feedback’’. This risk is associated with exothermic reactions
that are accelerated by temperature rise.

6.4.1 Thermal Runaway in batteries

When the cell temperature increases, the charge or float current will increase from the initial applied
constant potential. If not controlled, the increase in current can reach very high values that cause the
destruction of the cell.

Thermal runaway has been recognized as a possible failure mode in VRLA cells [6]. It is usually
considered to be a result of the positive feedback of current and temperature when the cell is on float
charge. The flow current initially flowing through the cell causes an increase in temperature. Increasing the
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cell temperature will increase the current that further increases the temperature until both current and
temperature achieve high values.

6.5 Float charge mode in VRLA
VRLA battery on float oxidizes water into oxygen at the positive electrode (PbO2) [2]. The O2 dissolves in
the electrolyte, diffuses across the separator to the surface of the negative electrode (Pb) where it is
reduced again to water. This is called “oxygen cycle’’. It minimizes water loss and as a result the VRLA
batteries get the name “maintenance-free batteries’’. VRLA batteries are used in telecommunication
because of this characteristic and some other advantages such as higher power density, flexible
configuration, freedom from acid spillage and claims for superior safety and minimal gas loss. But this
system has its drawbacks. Among them is thermal runaway which is mostly reported as a unique failure
mode. The thermal runaway behavior of VRLA batteries can be caused by the heat generation due to the
oxygen recombination reaction and the fact that with increasing temperature, the rate of this reaction
increases. When the heat generation rate exceeds the heat dissipation capacity rate of the cell, the result
would be a rapid increase in the cell temperature which will increase the reaction rate, consequently the
heat generation rate.

The positive feedback between the current and the temperature will result in thermal runaway. The cell
temperature also increases the gassing and the hydrogen evolution rate at the negative will be high. It will
also reduce the solubility of oxygen in the electrolyte, which will lead to a lower oxygen reduction rate
because of the mass transport limitation. During thermal runaway, gas should be vented frequently.
Otherwise an explosive mixture will be built up.

6.5.1 Heat generation in VRLA batteries during float charge

Heat generation in VRLA batteries is mainly determined by the internal oxygen cycle that characterizes
this design. This means that the overcharging current is completely consumed by the internal oxygen cycle
formed by oxygen evolution at the positive electrode. For this reason, the overcharging scenario that
occurs in VRLA Batteries should be controlled so that it reduces the heat generation, thus reducing the
necessity of cooling the batteries in order to maximize their lives.

During float charge, the total heat generation rate in a VRLA cell is the sum of the endothermic and
exothermic heat generated due to entropy changes of the electrochemical reactions, Qs, the Ohmic heat
generated due to the resistance of the electrolyte and solid matrix, Qohm and the exothermic heat generated
by some over potentials resulting from the shift from the electrochemical equilibrium of the reactions.

VRLA generates the most heat towards the end of charge, particularly at high rates or upon cell reversal or
during overcharge.

The governing equations:

With ΔU: mean voltage for a 4-battery string. The voltage varies between -40.7 VCD to -54.0 VDC.

with Ucal = U0-0.068 and U0=1.931Vo →Ucal= 1.863 V( Battery Handbook).
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The voltage and the current are both pre-defined by the battery manufacturer. Using the following
assumption:

charging of a VRLA battery at 2.4 V/cell, constant temperature, and 100% of recombination efficiency.
Internal resistance 0.8 mΏ (single cell). 1.5 hours equalizing at 2.5 V/cell at a current limit of 5 A. Heating
of the battery during charging is not considered. Heat generation: reversible heat effect 5.7 Wh; Joule
heating 2.3 Wh; internal oxygen cycle 23.2 Wh; in total: 31.2  Wh [12].

If we look into the general case where we have a battery of 100Ah nominal capacity, for both charge and
discharge scenario, we get:

Charge Discharge

U/cell=2.4 V U/cell= 2V

I=8.3 A I=20A

U-1.863=0.0953

Charging time: 6h Discharge time: 3h

Q (Battery)= 31.8 Wh Q(Battery)= 3.61Wh

dQ/dt (Battery)=31.8/6=5.3 W dQ/dt (Battery)= 1.2 W

Table 7: 100 Ah heat release in charge/discharge of a battery [12]

The total heat generation during 1 cycle of charge/discharge is the summation of the heat generated
during charge and discharge:

The previous calculated value should be higher in real applications, depending on the battery design and
some other factors that influence the heat generation.

As we recognize, the bulk of heat is generated during the charging mode. Charging is divided into
charging reaction phase and the equalizing stage. During the first phase gas evolution can be neglected -
the heat is mainly generated by the Joule effect as well as the reversible heat effect.

When the internal oxygen cycle is established, it consumes almost the whole overcharging current. The
current will decrease when the nominal cell voltage is reached and this will reduce the Joule effect. The
most generated heat in this phase is caused by the constant gas evolution.

During discharge and due to small overvoltage, heat generation is also small and further reduced by the
reversible heat effect that is providing “cooling’’ in this mode.
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7 Cooling load calculation - a different detailed
approach

An accurate thermal management system design is extremely related to the amount of heat to be removed
or added in certain cases. A calculation procedure is to follow, considering the enclosure as a block while
batteries are placed inside, generating internal heat.

Two different sources of heat loads are available:

1. Heat generated inside the cabinet.

2. Environmental heat load (solar, air temperature, etc.).

7.1 Heat generated inside the cabin
The heat generated inside the cabinet is mostly the heat released from internal electrochemical reactions in
the battery cells. It can vary from 10 to 15 W per battery; these values are obtained from a calculation
procedure provided by a battery manufacturer, SiteTel.[17]

7.2 Solar heat load
The current cooling techniques at Ericsson accounts for a difference of temperature equal to 13°C
between the outside environment and the inside of the enclosure [17]. Below is a classic heat load
calculation method that takes in consideration many factors that affect the increase or decrease of the heat
load.

Before conducting any cooling load calculation, a good thermal designer should be aware of that the air
temperature within the cabinet is a function of: [18]

 Amount of heat generated by all the equipments, which are just batteries in this case study.

 Amount of heat generated by the cooling system (fans, etc.).

 Ambient conditions, particularly solar radiation, temperature, wind, etc.

 Objects surrounding the cabinet (e.g. shading, trees, buildings).

 Air exchange with outside air, either passive (infiltration) or active (fan or blower) air exchange.

7.3 Thermal modeling
A simple thermal model is drawn based on a thermal resistance method.

Standard correlations are used to estimate Q environmental, where= +
The cooling load calculation is made using ASHRAE cooling load calculation methods. Normally one
should include the following when making a load calculation:

1. Space heat gain.

2. Space cooling load.
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3. Space heat extraction rate.

The rate at which heat is generated or entered into the enclosure is the space heat gain. This includes the
heat transferred into the conditioned space from the external walls and roof due to solar radiation,
temperature differential and convection [18].

The ASHRAE Sol-Air method is used to calculate the cooling load. It takes convection and reradiation
effect into account. The Sol-Air temperature method uses an external temperature, Te ,that lumps
radiation effects and sensible air temperature. This is expressed with [18]:

where Tout: external ambient temperature; α: emissive/absorbance  factor of solar radiation surface, It :
total solar radiation (W/m2), h0: coefficient of heat by long wave radiation and convection (W/K-m2), ε:
hemispherical emittance and ΔR: radiation correction factor (W/m2). The overall value of

×∆
is

known as long-wave correction term which represent the amount of temperature drop due to long-wave
radiation to the sky.

From the ASHRAE handbook :

ΔR=63 W/m2 for roofs and 0 for walls. For dark surfaces = 0.052 which is the maximum value for
any surface. The environmental cooling load becomes:

where U is the overall heat transfer coefficient and A is the surface area of the wall and T in is the
temperature inside the enclosure. The convection influence has been already included in the calculation of
Te.

The maximum load is calculated with a solar irradiation of 1120W/m2 as mentioned in ASHRAE . The
load to use in designing cooling systems has to be the highest because the designer does not know where
the product has to be installed.

By adding the internally generated heat load to the previously calculated load, one can calculate the total
heat load that should be removed in order to cool the batteries.

7.3.1 Numerical application

The maximum environmental load is calculated with a solar irradiation of 1120 w/m2 as recommended by
IEC. At latitude of 32N, which is close to an extreme hot climate, the total value of the environmental
heat load, calculated using ASHRAE equations and charts is about 120 W:

In this thesis’ applications and test 100Ah batteries have been used. The maximum internal load from the
battery  is around 10 W per battery block. Assuming a BBS that has room for 12 batteries, the total
internal generated heat load is 120 W.

The previous heat load is estimated to be an average maximum load. Since the thermal designer, in most
cases, works on a global product, he or she does not know where the enclosure will be placed and thus
design a climate system that can remove heat in the extreme cases.
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Figure 12: temperature modeling [17]

This figure represents a thermal model including the thermal resistances facing the heat flow all the way
from the core of the cell to the outside of the enclosure and vice-versa.

The current cooling load calculations only take the black area in consideration (see figure 12). What is
missed and can contribute to an increase in the amount of the heat load is the red area represented in
figure 12. Furthermore, the temperature control for the current systems relies on the temperature read by
the BFU that senses the wall temperature of the battery.

7.4 Battery thermal management systems
The objective is to maintain 25°C ambient temperature of the battery. When the battery temperature
raises 10°C above the early mentioned temperature, its life cycle will be reduced by 30 %. Another raise of
10°C would reduce the battery life cycle by 75 % [14].

Thus it is of importance to keep the battery core temperature around 25°C. Different cooling/heating
methods have been investigated and presented:

1. Buried vault

This solution utilizes constant temperature ground as the cooling source. The product efficiency is highly
dependent on the ground composition, water content, etc. All of which has a significant impact on
performance and it is hard to predict and control. Service and installation is an issue, because a crane is
needed to lift up the batteries.  This type of solution is not integrated into an enclosure, therefore it may
be disregarded.

2. Fan forced convection

Air is drawn into the enclosure over the batteries and then extracted to the outside The battery
temperature will be a function of air mass flow and will fluctuate with some degrees over the ambient
temperature. It can be deployed as stand alone or integrated in an enclosure.

3. PCM (Phase Change Materials)

PCM uses the latent heat of the encapsulated material to store and release thermal energy within an
enclosure which should be well-insulated. Thermal energy would be released through the roof at night.
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Another alternative consists of using a wrap encasing the battery to absorb heat from it. That offers a
limitless number of cycles but it is heavy and it complicates installation and maintenance.

4. Thermosyphon

This solution is based on utilizing passive, closed loop, water thermosyphon to store and release thermal
energy. The internal components of this system should  be around the batteries which requires additional
space. It cannot be easily integrated to enclosures. Extra space, conduit runs are required. It can be
effective in both hot and cold environments.

5. Thermoelectric

Due to the Peltier effect, both cooling and heating are provided by the electron flow through a solid state
junction. The most important drawback deriving from the use of this method, is the low COP (<25%).
The heat transfer mechanism requires the use of a fan to get a cooling benefit from the heat sink. The
cooling method is indirect, so it takes long time to cool the batteries.

Conduit runs and extra pad space is required for the ease of wiring

6. Air conditioner

This method requires an industrial wall mounted air conditioner providing heating and cooling. It takes
long time to cool down the batteries because of their large thermal capacity. The heat transfer mechanism
requires a fan to benefit off the heat sink. Bulk air cooling is a poor method to maintain tight temperature
control within the batteries because the air flow will not be fairly distributed between the different set of
batteries.

7. Cold plate

Cold plate offers direct contact on one surface, usually the bottom of the battery. It can be individual or
for multiple batteries. It operates like a split evaporator. The cooling media could be a fluid, if a chiller is
used or refrigerant if a refrigeration system is used.

7.4.1 Trade-off analysis to determine the best method for cooling the
batteries

Michale Cosely [14]and Marvin Garcia [14]conducted an analysis to determine the best method(s) for
cooling the batteries. This was conducted based on the following:

 Ease of use.
 Ease of integration.
 Cooling capacity.
 Expansion capability.
 Adaptability.
 Uniformity of cooling.
 Ease of maintenance.
 Thermal system life.
 Battery life and cost.
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Annual cost was assumed including a 20-year-life, power consumed maintenance of the refrigeration
system, cost to maintain and replace batteries and disposal of the batteries through the end of life. BTMS
represents the battery thermal management system. The results are presented in table 8.

Trade-Off Analysis

Metric Fan-forced

Convection

PCM Thermo-

syphon

Thermo-

electric

Air

conditioner

Cold
Plate

Ease of use Easy Easy Difficult Moderate Moderate Moderate

Ease of
integration

Easy Moderate Difficult Moderate Moderate Moderate

Cooling
capacity

Above
ambient,

Wide

range

Above
ambient,

Narrow
range

Above
ambient,

Narrow
range

Below
ambient,

Range
limited

Below
ambient

Range
settable

Below
ambient

Range
settable

Adaptability Easy Moderate Limited Moderate Moderate Easy

Expansion Easy Moderate Difficult Difficult Difficult Easy

Uniformity
of cooling

Low Low Medium Medium Medium High

Ease of
maintenance

Easy Moderate Difficult Moderate Moderate Moderate

BTMS life 20+yr 20+yr 20+yr 1-3yr 3-5yr 20yr

VRLA life 1-3yr 5-10yr 10yr 10yr 10-20yr 20yr

First cost Low High High High Moderate Moderate

Annual cost Low Low Moderate High High Moderate

Table 8: Trade-off analysis [14]

Choosing the ease of use, uniformity of cooling and VRLA life as key driving metrics, the cold plate
solution makes the most sense.
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8 Battery cooling solutions currently in application at
Ericsson

One can select a system with the highest efficiency simply by using manufacturers’ efficiency quotations.
But this is not considered to be a prudent approach to the problem. The efficiency of a cooling system is
determined by a variety of factors, including cost, safety, space requirements and maintenance and energy
efficiency. One needs to consider all of these factors in order to achieve a good system design.

Competition between manufacturers is growing. Each speaks about its own advantages while being silent
about the disadvantages. Below is an overview about the cooling methods in use at Ericsson, with their
advantages and disadvantages.

8.1 Active Compressor Cooling
The active cooling solution is about using a traditional air conditioning unit. In other words, a compressor
shall be used. The schematic of the device currently in use at Ericsson is illustrated in figure 13.

Figure 13: compressor climate system [17]

External air is drawn through the air intake to reach the climate unit where it is cooled by the air
conditioning process before it is blown with the aid of a fan inside the enclosure. Cool air circulates inside
the gaps created between the batteries, as shown in the figure. Air is then guided back to the climate unit
where it is exhausted to the ambient.

8.1.1 How compression cooling works

All contemporary space cooling and process cooling equipment exploits the fact that a liquid absorbs heat
when it evaporates (there are few exceptions). This liquid is called “refrigerant’’. The refrigerant absorbs
energy by changing from liquid to vapor. When this heat is removed from a body, the body is then cooled.

Swabbing some alcohol on your arm will be a good demonstration of this. More effective refrigerants are
used and recycled indefinitely. The casing of the cooling equipment serves as a pressure vessel that isolates
the refrigerant from air and atmospheric pressure in order to provide the greatest cooling capacity.
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The common type of cooling equipment uses a compression cooling cycle. After the refrigerant
evaporates because of the heat from cooling load, it is then subjected to a compression process where the
temperature is raised well above the ambient, so the heat in the vapor can be removed by cooling with air
or water at the ambient temperature. This will cause the compressed gas to condense back to a warm
liquid. The warm liquid enters the evaporator where the pressure is determined by the suction of the
compressor and the rate of evaporation. A small portion of the liquid refrigerant flashes into vapor when
it passes through the control valve before entering the evaporator that will cool the remaining liquid to the
temperature of the evaporator. The liquid refrigerant is again ready to absorb heat from the cooling load,
repeating the cycle.

Advantages

 Energy efficient. Active cooling has generally a high COP. There is a small amount of energy loss
during the cycle.

 Can handle large amounts of heat load.
 Can be used in dusty and coastal areas (advantage over direct air cooling method).
 It is recommended in climates with temperatures > 30°C.
 Reliability:  because of its cooling capacity and the ability of handling big amounts of heat load,

the system is reliable even in extremely high outdoor temperatures.
 Simple installation (sliding cassette type).

Disadvantages

 Cost is an issue.
 Bulk air cooling is a poor method to maintain tight temperature control within the batteries.
 The use of a refrigerant can be a concern for the environment. Any leakage, if it occurs, is an

issue to take care of in order to prevent any gas emissions .

Figure 14: simulated inner temperatures at +50°C outside temperature [17]
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8.1.2 Performance

In this section the actual performance for the active cooling system is presented. It is divided into the
main battery usage modes - float and cycling.

By examining the charts, one can get an idea of the general heating and cooling performance of the system
under different outside temperature climates.

 Float mode

For the float mode it was estimated that the BBS contains three battery strings and each of them generates
5 W of heat under float charge. The chart is showing the relationship between the outdoor temperature
and the internal average temperature. The external and internal fan control are shown as well where the
external fans start with 49% of its maximum speed when the outdoor temperature reaches 25°C.

Figure 15: compressor cooling performance under float charging [17]

The system works fine all the way up to 50°C. Supply air temperature is between 22°C to 25°C, depending
on the outdoor environment and this is sufficient to maintain battery temperature in the range of 24°C to
26°C. The cooling system starts when the outside temperature is 25°C. By using the active compressor
cooling system, the average internal temperature does not exceed 26°C

Power consumption is indicated for the different temperatures for both heating and cooling.

 Cyclic mode

The same procedure as described above was conducted in order to fill this table, but with the only
difference the large increase of internal heat load during charging/discharging mode.
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Figure 16: compressor cooling performance under cyclic mode [17]

The increase in heat load directly affects the system performance. The range of temperature from 25°C to
28°C outdoor temperature is acceptable in order to keep the battery temperature around 25°C.

8.1.3 Effects of the active cooling method

Because batteries are more temperature-dependant when they are on float charging, the previous charts
show that this system is useful for being integrated in global product marketing for Ericsson.[17]

Batteries during cycling and high outside temperature get warmer; the battery surface temperature gets
widely over 25°C, but this is not an issue for the climate system since a battery life during cycling is not
affected by the surrounding temperature. Life during cycling, as mentioned before, is highly dependent on
the charging voltage when it is on charge and on the depth of discharge when the battery is discharging.

This method requires an industrial wall mounted air conditioner providing both cooling and heating. COP
would be relatively high if compared to other cooling techniques, Peltier coolers for example.. It takes
long time to cool the batteries because of their large thermal capacity. The heat transfer mechanism
requires a fan to benefit off the heat sink. Above,in figure 14, a simulation result for the inner temperature
at 50°C ambient temperature is presented.

Results show that the performance of the compressor cooling is quite enough to keep the batteries within
their rated temperature range, but in fact, batteries generate additional internal heat that is not included in
the simulation. This will raise the battery temperature and push it into the danger zone, where life starts to
get shorter with temperature increase.

In this model, spacing between batteries, which will be discussed in details in the next section, is
problematic. Air cannot flow in very tiny rectangular channels without any guidance. A duct on the
backside of Ericsson’s BBS is currently in use to drive the air from the top to the bottom with an adequate
flow distribution among the battery blocks. Forcing the air into the small spacing between batteries would
raise the pressure drop as well. That will directly affect the size of the fan in use because the pressure drop
is indirectly proportional to the square root of the distance separating two batteries.
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8.2 Peltier coolers
In a thermocouple, if the hot and cold junctions are at different temperatures, an electric potential
difference will be created. In 1834, the French watchmaker Jean-Charles Peltier detected that the reverse
phenomenon would occur. If an electric current is forced through the conductor, the junctions would
acquire different temperatures. This principle is used in the Peltier elements. These are based on
semiconductors. Heat can be pumped from a low temperature to a higher temperature by the mean of an
electric current. No moving parts are used in this model.

The Peltier cooling mode has an advantage for normal temperatures and it has been in use through
different types of applications. Figure 17 below illustrates the peltier cooling unit currently in use at
Ericsson.

Figure 17: Peltier cooler [17]

8.2.1 The Peltier process

The Peltier effect is the presence of heat at an electrified junction of two different metals. If an electric
current is forced through the conductors, the junction will strive to different temperatures. The
performance of Peltier cooler is strongly dependent on the properties of the material of the Peltier Pairs
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Nomenclature

G: geometric factor of thermoelectric element (m).

I:electric current (A).

K: thermal conductivity of thermoelectric element. (W/m.K).

N: Number of pairs of thermoelectric element.

Qp: Power input to the thermoelectric cooler device (W).

Qc: heat rate at the thermoelectric cooler cold side.

Qh: heat rate at the thermoelectric cooler hot side.

r: electrical resistivity.

S: Seebeck coefficient (V/K).

Tc: Cold site temperature.

Th: Hot side temperature.

ΔT: Th-Tc.

The Peltier cooler serves as a system that transports heat from a surface that has temperature more than
ambient. The purpose is to maintain the batteries’ temperature below a safe temperature by pumping heat
away from them [10].

The performance of the Peltier cooler depends on several parameters [10] :

 The temperature of the hot and cold junctions.
 Thermal and electrical conductivity of the thermoelement.
 Contact resistance between the cooler cold side and the battery surface.
 Thermal resistance of the heat sink on the cooler hot side and the applied electric current.
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Figure 18: Peltier unit performance [17]

The chart above relates the cooling capacity to both the temperature difference and the ambient
temperature. Obviously, the cooling capacity would increase when the temperature difference decreases.

Three design points are defined in this chart, depending on the outside ambient temperature:

 Point 1: where temperature difference is equal to 5K and the cooling capacity is then 115W.  The
ambient temperature is 35°C.

 Point 2: where the temperature difference is equal to 12.5K and the cooling capacity decreases to
100W. This is defined when the ambient temperature is 42.5°C.

 Point 3: where the temperature difference is increased to 20K and the cooling capacity would
reach 80W. The decrease in cooling capacity is related to the high ambient temperature, which is
around 50°C.

The performance of the Peltier cooler unit decreases when the ambient temperature increases. Because of
its low cooling capacity, this system needs some time before one can feel that the air inside the enclosure
is getting cooler.

Advantages of using Peltier cooler:

1. High reliability.
2. Flexibility in packaging and integration.
3. Low weight (13 kg).
4. Ability to maintain the enclosure temperature as low as possible.
5. Cheaper than compressor cooling.
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6. Purely electric, no refrigerant to be used.
7. Suitable for low heat loads and low temperature difference.

Disadvantages:

1. Cannot handle medium to high heat loads.
2. No more than 100W at 12.5K in real applications.
3. Low COP.
4. Ericsson has reported some problems on site related to condensation and moisture.

Comparison between Peltier element and compressor cooling unit:

The refrigerant used in compressor cooling is replaced by two dissimilar conductors in Peltier coolers.The
cooling provided at the cold junction is caused by the absorption of energy by the electrons as they pass
from a high energy level to a lower level. The compressor is replaced by a direct current power source that
moves the electron from one semiconductor to the other. The conventional condenser is replaced by a
heat sink that rejects the heat to the ambient.

Active compressor cooling Peltier cooler

Evaporator Allows the pressurized refrigerant to
expand, boil and evaporate (heat is
exchanged during the phase change
from liquid to gas).

Heat is absorbed by the electrons at
the cold junction when they pass
from a low energy level (P-Type) to
a higher level (N-Type).

Compressor The compressor compress the gas.
The refrigerant leaves the
compressor as a vapor.

The power supply provides the
energy to move the electrons

Condenser Heat rejection phase. The refrigerant
returns to its liquid state.

Heat is expelled to the heat sink, at
the hot junction as the electrons
move from high energy level to a
lower level

Table 9: comparison between compressor and Peltier cooling[17]

Conclusion

The Peltier cooler has many advantages if it is compared to the active compressor cooling. But its low
cooling capacity is still an issue. Theoretically, there is a way to increase the cooling capacity and COP of
the Peltier cooler. The cooling capacity and the COP can be increased by increasing the cold side
temperature or decreasing the temperature difference between the cold and hot sides.

Peltier cooling applications are more attractive than active cooling for customers because of the
advantages mentioned above.

8.3 Forced convection battery cooling - direct air cooling
Forced convection is a type of heat transport. It is a mechanism in which fluid motion is generated by an
external source, such as a pump, fan etc. It is one of the main methods in the heat transfer field since
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significant amount of heat energy can be transported efficiently with this mechanism. Forced convection
method is encountered by engineers working with heat exchangers, pipe flow, flow over a plate.

This method is one of the methods currently in use as a cooling solution at Ericsson’s thermal design
department. It is integrated to the BBS 6101 and 6102 as well as other products. Also, it consists of
blowing air into the enclosure, using a fan. Air will flow between the batteries through small tiny gaps,
exchanging heat with the battery walls before being exhausted. Provided is air intake in order to blow the
air in and the air is then exhausted outside of the enclosure.

The battery temperature will be a function of air mass flow and will fluctuate with some degrees over the
ambient temperature.

Figure 19: Direct air cooling system [17]

8.3.1 Description of direct air cooling system

This climate solution is called “direct air cooling’’ (DAC).

As shown in figure 19, air goes in through airflow dampers with the aid of a fan. Air circulates and flows
within the enclosure and in the gaps provided between the batteries. A part of the flow circulates above
the batteries and in the tiny spacing between batteries and the enclosure walls. Afterwards, the hot airflow
is then exhausted outside the cabinet.

 Advantages

 Low cost and cheap to use. It just consists of using a fan that blows air. An additional cost may be
added if the air direction devices are to be used to guide the air through specific directions.

 Energy efficient.
 Suitable for high cyclic life; the battery will not die because of float charge, but because of the

cycling life.
 Easy to integrate in an enclosure.

 Disadvantages
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 Needs maintenance since the using a fan will imply the usage of a filter to prevent dust from
sneaking in the enclosure. This will implement an additional maintenance cost for filter cleaning,
replacement etc.

 This method strictly depends on the ambient temperature. Cooling below ambient temperature
cannot be realized. That limits the use of DAC to climates where the ambient temperature is
below 25°C. For warmer climates as the one in Lebanon or in the Arab gulf, this system can be
used as a backup system during some seasons of the year (spring and autumn where temperatures
are between 20 to 25 °C).

8.3.2 Performance

As for active air cooling, a performance analysis is dependent on the usage mode of the battery:

 Float mode

The internal heat load generated while batteries are on float charge is considered to be 5 W by each battery
string. In this current model, the BBS contains three strings of batteries yielding to 15 W of total heat
generation. The most important parameter in the resulting chart below is the internal average temperature,
which is considered to be the battery temperature in the current design. By examining the results, it could
be observed that the limiting outside temperature for this application is 25°C, which will result in a battery
temperature of 27°C. As the outside temperature increases beyond 25°C, the battery temperature is no
longer around the rated life-temperature and that will dramatically decrease the battery lifetime. As
mentioned before, direct air cooling system has a limit of application. This limit is illustrated by the
outside air temperature. If a direct air cooling system is to be used, ambient temperature should not be
exceeding 25°C.

Figure 20: DAC climate system performance in float charge [17]

 Cycling mode

During cycling, a battery generates excessive heat due to reversible heat processes and due to Joule
heating. It has earlier been discussed that during cycling the batteries life is dependent on the depth of
discharge while discharging and on the charging voltage when it charges. The temperature factor is of less
importance in this case.
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Figure 21: DAC climate system performance in cyclic mode [17]

8.3.3 Limitations

As mentioned above, direct air cooling is recommended and where above conditions do not apply. It is
also recommended where cost is the driving force for such applications. The effectiveness of the direct air
cooling method is limited by two parameters:

1. The evaluation of the convective heat transfer coefficient.

2. The distance between two batteries ;in other words, the width of the channel where the air is
flowing.

8.4 Optimization of air cooling performance
Active air cooling and direct air cooling share the same optimization methods since the concept consists
of blowing air that will remove the heat from battery blocks.

The heat transfer model between air and the batteries is similar to air flowing in a rectangular channel
which is open from the top and bottom. To optimize the heat transfer between air and battery walls, it is
obvious that a reasonable evaluation of the heat transfer coefficient between the fluid and the battery
surface should be made.

If DAC climate solution is to be used, the heat transfer coefficient must be evaluated in a way to maximize
the heat transfer between air and the battery walls. The convective heat transfer coefficient value depends
on different parameters. The h-value evaluation method should be related in a way with the optimal
distance between two batteries, thus optimizing heat transfer. Two cases may be present:

1. Air flowing between batteries.
2. Air flowing between the battery and the enclosure wall.
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Figure 22: air flowing between batteries [17]

8.4.1 H-value evaluation and optimal distance between batteries - forced
convection cooling method

The air flow between batteries is treated as a flow in rectangular channel. Air velocity is important to
control in order to keep the air flowing without leakage. Air may flow above the batteries, but the main
flow direction is vertical parallel to the enclosure walls.

Cross section of an internal flow

Figure 23: boundary layer sketch [17]

The following calculation was obtained from an internal calculation sheet currently in use at Ericsson;
assumptions and simplifications of some equations are taken into considereation. These equations and
assumptions are used in order to evaluate the heat transfer coefficient h, all depending on the flow
properties and equations that are currently in use internally. As mentioned, some assumptions have been
already made by thermal designers that are working with air cooling methods. There may be a difference
in the equations presented below and the equations from the theory book.

Flow equations and properties for air flowing between two parallel plates: [17]

where  P: pressure in the flow and μ: dynamic viscosity.

And the velocity can be expressed by:
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( ) = × ( − )× ×

Where ΔP is the total pressure drop of the air flow in the channel.

When ΔP is known the fan power can be calculated using:

The calculation of the fan power and the pressure drop will be the parameters for the fan selection.

For a turbulent flow, Reynold’s number can be obtained from [17]:= ×
And ̇ = × × → = ×̇→ = ̇ ×× ×
And =
→ = ̇ ××
where ̇ : air flow rate (kg/s), Ac: cross sectional area of the channel and Dh:Hydraulic diameter= 4.Ac/P.

For the same turbulent flow, Nusselt number can be written in function of ReDh and prandtl number Pr:
[17]= . × . × .
where

and k: heat conductivity of the fluid.= × . × . × .
As noticed, the evaluation of the heat transfer coefficient is firstly related to the coolant fluid thermal and
kinetic properties and secondly to the cross sectional area of the channel where the fluid is flowing.

Expression of h in terms of channel dimensions:
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Figure 24: air channel dimensions [17]

b: gap or distance between two batteries and h:height of the battery

Dh and Re number are expressed by:= 4 ×
Where A and P are respectively the area and perimeter of the channel.= × ×

= ×̇×
Leads to

= 2 × ̇× ( + )
where ̇ : air mass flow, μ: kinematic viscosity and ReDh: Reynold’s number.

The heat transfer coefficient: = × . × . × .
,

where Pr: Prandtl number and k: thermal conductivity of air.

Replacing Dh and ReDh ,with their previous values found above , gives the heat transfer coefficient:= √ × . × × ̇ . × . × ( + ) .× × ×
This equation relates h to the spacing between two batteries b. Next step will be to find the best
correlation between these two parameters in order to maximize the heat transfer.

8.4.2 Optimal spacing between two batteries

For an optimal heat transfer between battery walls and air, the distance between two batteries should be
well-evaluated. To achieve this objective, two different methods have been used. One method is simple
and easy to evaluate while the other method is more complicated.

 Optimal distance between two parallel plates

A model has been developed by Bejan and Sciubba to estimate the optimal distance between parallel
boards cooled by both laminar and turbulent forced convection.

Considering the case where the flow is laminar, they used what is called “convergence method’’[11] to
determine Dopt. The convergence method included the study of two cases, where in the first case the
distance between the boards is extremely small and tending to be zero, while in the second study the
distance is big. D is then plotted against the heat transfer coefficient for both cases. The intersection of
the two resulting curves would result in Dopt [11].
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The geometry of the system is presented in the figure below, where ΔP is the pressure established by the
pump or compressor, D is the distance between two adjacent boards, t represents the board’s thickness
and T∞ is the coolant inlet temperature [11].

Figure 25: stack of parallel boards cooled by forced convection [11]

The board temperature Tw is uniform. Each board has a thickness t that is sufficiently smaller than D, the
distance between boards. To determine Dopt, Enrico Sciubba and Adrian Bejan [11]determined the
optimal number of boards that can fill a space of thickness H.

Case 1: D→0.

In this case, the fluid velocity in the channel is

And the total mass flow ratė = × × = × × × ∆× ×
The total heat rate removed ( in Watts) from the channel by M can be written:= ̇ × × ( − ) = × ( − ) × × × × ∆× ×
The previous and the following equations are obtained from the previous study done by Enrico Sciubba
and Adrian Bejan, taking into consideration every simplification and assumption that has been made. [11]

As can be seen in the previous equation, the heat transfer rate is proportional to D2:

qa≈D2.

Case 2: D→∞

In this case, the boundary layer becomes distinct and a wall shear stress will be created.

Governing equations:
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where n: number of channels and τw: L-averaged wall shear stress.

By definition:

Combining the two equations gives:

The total heat transfer rate from one L-surface can be calculated if the overall Nusselt number is
recognized:= . × . × ( × ) .. = ( × )× ( − )
This yields to:

The total heat transfer rate released by the entire stack is considered to be 2n times larger than q1’,
assuming that both surfaces of the board are Joule heated to Tw:

Replacing n and U∞ by their previous values, the total heat transfer rate becomes:

To get the optimal distance between boards, Dopt, q’a and q’b should be plotted against D and the
intersection of their asymptotes respectively gives Dopt as shown below.

Figure 26: optimal distance for a flow between parallel plates [11]

Examining the current application for direct air cooling, the distance between two batteries is 7mm. If the
exact fluid properties in the equations above are applied, Dopt becomes bigger than 7mm, more precisely
9.8mm. To be mentioned is that this distance is neither minimum nor maximum; it is just the optimal
spacing that can provide the best heat exchange between the fluid and batteries.
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Another method was used to calculate the optimal distance between batteries for better forced air cooling
performance, which is less complicated than the previous method.

It consists of evaluating the boundary layer thickness of the flow circulating in a channel. The channel is
the gap between the batteries.

Figure 27: boundary layer sketch [17]

The boundary layer thickness for this specific air flow (laminar flow in this case study) is given by the
following equation:

= . . at X=L

From figure 27, the optimal distance would be the total boundary layer thickness of the channel.

where δ: boundary layer thickness of the channel and Rex : Reynolds number for the specific flow.
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9 Future battery cooling technologies
Different cooling technologies for batteries are investigated in this thesis and some research is made on
their feasibility and efficiency as a possible replacement for the previously mentioned cooling
technologies. Among them, the cold plate heat exchanger technology and PCM are worth further studies
and practical testing.

9.1 Cold plate technology
A cold plate is simply a heat exchanger that uses liquid as cooling media. Cold plates are of the best
cooling technologies in application in high-powered electronics, power generation, medical equipment and
aerospace. Cold plates or contact cooling in general is used for high Watt densities when air cooled heat
sinks are inadequate.

Not much has been made for cooling batteries using cold plates or liquid cooling in general even though
this technology has a bright future, as presented earlier by the trade-off analysis. It provides a high cooling
efficiency and can be a possible solution to substitute air conditioning cooling of batteries.

9.1.1 Overview of cold plate technology

A variety of cold plate technologies from tubed to flat tube and performance-fin cold plates that can fulfill
the thermal and geometrical requirements.

 Tubed cold plates

A tubed cold plate consists of copper or stainless steel tubes pressed into a channeled aluminum
extrusion.

Figure 28: different shapes of tubed cold plates [13]

 Flat tube cold plates

Flat tube cold plates are compact and offer extremely low thermal resistance. Such plates contain internal
fins to increase performance. Ideal for cooling power supplies, RF transmitters and power electronics.
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Figure 29: Flat tube cold plates[13]

 Performance-fin cold plates

Performance-fin cold plates consist of two plates joined together with an internal fin. They are ideal for
cooling electronic boards and detectors. This type of plates is used where the heat load from the devices is
considerably large.

Figure 30:  Performance-fin cold plates[13]

9.1.2 Fluid compatibility

Coolant compatibility must be taken in consideration when selecting a cold plate design. Water can be
used as a coolant in most cold plates technologies. Table 10 shows fluid/cold plate compatibility.

Water EGW (ethylene
glycol/water
mixture)

Corrosive
fluids

Oil Dielectric
fluids

Tubed cold plates with
copper tubing

 

Tubed cold plates with
stainless steel tubing

  

Aluminum flat tube   

Copper flat tube    

Aluminum vacuum brazed    

Copper performance-fin    
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cold plate

Table 10: Fluid compatibility [13]

9.1.3 Selection of a cold plate

In this section the specific problem of battery cooling using cold plate is being approached. The objective
is to select a cold plate that can remove internal heat generated by batteries, given the internal heat load as
an input value, say 15 Watt per battery.

The outside environment and temperature may affect the cold plate selection as well, but for liquid
contact cooling, in this case, internal heat loads from batteries are the most important parameters to take
in consideration.

To be able to select the best cold plate for the own application, several parameters such as cooling fluid
flow rate, fluid inlet temperature, heat load of the devices attached to the cold plate and the maximum
desired cold plate surface temperature must be known. When these parameters are fixed, the maximum
allowable thermal resistance of the plate can be determined. The calculation and selection procedure
follows:

Firstly, the maximum temperature of the fluid is calculated when it leaves the cold plate, Tout. If Tout is
greater than Tmax, then there is an impossible solution for the problem. Tout can be calculated by solving
heat capacity equation:

where:

Tout: temperature of the fluid leaving the plate,

Tin: Inlet temperature of the fluid (input value),

Q: heat load of batteries (input ca 15 W),

ρ: density of the fluid,

V: cooling fluid flow rate and

Cp: specific heat of the fluid.

Assuming Tout is smaller than Tmax, the next step is to calculate the required normalized thermal resistance
(θ) of the cold plate:

where

θ: normalized thermal  resistance,

Tmax: maximum desired cold plate temperature,

Tout: temperature of the fluid leaving the cold plate,
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A: area being cooled and

Q: heat load from batteries.

The introduction of the normalized thermal resistance θ is for the purpose of choosing the right cold
plate, as by Lytron’s design procedure.[13]

Once θ is found and the fluid flow is fixed, one can determine which plate can fit best my application by
using the following graph obtained from  Lytron’s engineering department. There are different curves in
this graph, each of them represents one design of a cold plate (Tube side,plate side..) . The normalized
thermal resistance calculated previously and the graph presented below would be used to choose the best
cold plate design for the appropriate application.

Figure 31: cold plate selection [13]

The graph relates the normalized thermal resistance to a definite water flow. The flow unit is plotted both
with liter per minute (LPM) and gallon per minute (GPM). Each curve in the graph is a representative
curve for a specific cold plate design. The curves are named depending on their design(flat tubed, tubed,
performance-fin..) Any cold plate design below the red dot on the graph would meet the requirements. It
is up to the designer to select the most appropriate technology that would fit the spacing and heat transfer
requirements.
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10 Tests
Tests have been made to support the conclusion drawn from the theory presented in this report. Different
tests have been made for different purposes. Getting a closer feeling about the real battery temperature
was one of the objectives of the tests as well as verifying the optimal distance between batteries, which has
been found in the theory part. A preliminary test using cold plate to cool batteries was made, providing an
idea about the liquid cooling efficiency and performance.

10.1 Thermal internal conduction in a VRLA battery
“SiteTel’’ provided the installation of thermocouples over battery cells (two batteries and 12 cells). The
test was carried out in a wind tunnel that made it possible to regulate the flow and temperature. The
testing platform contained a set of batteries (four batteries: three of them in the wind tunnel and one of
them connected to the charger). Those batteries that were in the wind tunnel were separated by different
air gaps. In the first test, a 7mm air gap was used as a reference, while the batteries were subject to
charging/discharging scenarios. Temperature values were logged over the period of cycling and thermal
sensors were also placed on the battery external wall, reporting the temperature that a BFU would usually
report. In this test, the objective was to obtain the difference between the real battery cell temperature
while a battery was charging/discharging and the temperature reported by the BFU, usually placed on the
battery external wall.

Reader’s description: the test aims to give an idea about the real core temperature within a battery cell.
Sensors are installed with the aid of experts on the top of each cell for two batteries of type NSB100. The
test is conducted in a wind tunnel. Two cases are to be examined:

1. When a battery is placed in a “warm environment’’: this gives a closer feeling about how the core
temperature varies with the outside temperature. The temperature regulation of the environment
is possible thanks to a heat exchanger coupled to an external cold and/or hot media.

2. The same procedure is repeated, but this time while a battery is cycled. Batteries are connected to
a charging/load rig that contains a battery charger and a load dissipater where batteries can
discharge their capacity.

The objective is to test the temperature difference between the reading of the BFU and the real
temperature inside the battery cell. If a large difference is found the whole previous design of climate
systems integrated in a BBS will be affected.

10.1.1 Test overview

Batteries were installed in the wind tunnel as shown in the pictures below. Electrical connections were
provided in order to connect batteries to charger/load. Temperature sensors were glued on the battery
walls in order to log the temperature in different positions.
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Figure 32: batteries in wind tunnel. [17]

The following picture shows the different laboratory equipments that were used in the tests.

Figure 33: test rig, showing all equipments used during tests. [17]
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Figure 34: a resistive heater used to heat the flow in the wind tunnel. [17]

10.1.2 Equipment and programs used during the test

In order to make the test possible, the following equipments were used:

 Four NSB100 batteries.
 Battery charger and load dissipater.
 Temperature sensors and logger (NetDaq).
 Wind tunnel and its accessories (temperature regulator and flow regulator).
 Connection LAN cables.
 Cyclone: to control charging and discharging.

10.2 Liquid cooling test
For the purpose of preliminary testing of cold plate cooling technology on batteries, work was made
together with an assistant at the KTH laboratory in order to design a preliminary cold plate and test how
efficient it could be. The results for this test and the analysis are later presented in this thesis.

To ease the manufacture, a PVC cold plate was chosen despite the high thermal resistance of this material.
For future studies iron metal is recommended.
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Figure 35: cold plate design and channels.[17]

Figure 35 shows the preliminary section design of the plates. Each one consists of 28 channels, each 8mm
wide, but because the design was not optimized, a decision to manipulate the cross section and trim it with
a slope of 10% to make it easier for the water flow to reach the last channels was taken. The plates were
then glued on the battery sides in order to get an optimal contact between fluid and batteries.

10.2.1 Limitation

Several limitations were encountered while performing this test. One of them was the difficulty of
controlling the water inlet temperature because it needs a thermal bath and water was supplied directly
from lavatory connections. Controlling or setting the inlet temperature was one initial step in calculating
the heat transferred between the fluid and the battery. For this application, the water inlet temperature had
to be controlled and kept constant through the whole experiment. Otherwise, the water outlet
temperature would have fluctuated and this would have affected the results and its analysis. In order to
control the temperature, a temperature bath is needed. But that does not have a big effect on the primary
objective of the test of comparing liquid cooling with air cooling.

Another limitation was the difficulty of placing the battery that was equipped by the cold plate in the wind
tunnel because of the complexity of pipes connections and water leakage at some points.

10.2.2 Calculation method

From the heat transfer equations, after setting the inlet water temperature, one can calculate the water
temperature exiting the cold plate, Tout, which makes it possible to calculate the total heat transfer of the
system.= + × ×
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where:

Q = 10W (maximum heat from batteries) + 15W (approximately 15W if the previous 120W are
distributed evenly inside the enclosure),

Tin: water inlet temperature, which is the cold water supplied from the lavatory (currently the only possible
solution) and

ρ: water density and V: water flow rate (m3/h).

Figure 36: PVC cold plates glued on batteries.[17]

10.2.3 Expected outcome and description of the test

A calculated Tout and measured and logged cell temperatures are outcomes of the test. A comparison
between liquid cooling and air cooling performance is also one.

In the previous chapter a cold plate was presented. It was manufactured at KTH laboratory and its design
was preliminary, meaning no design optimization was made for this project. The main objective was to
test the effect of cooling using cold plate heat exchanger on batteries.

Plates were of PVC type. Each plate had 20 channels and each channel had a diameter of 8mm. Plates
were glued on side battery walls as showed in the figure above. Water connections for this specific
application were “traditional’’.  Small holes in the cold plate were drilled for the purpose of temperature
measurement through the channels. Temperature sensors were installed alongside the cold plate to track
the fluid temperature.
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Batteries were cycled to generate heat. One battery was cooled by air from the wind tunnel and the other
battery was connected to water cooling from lavatory. The results are presented in chapter 11.

Water cold plate inlet:

 Water temperature 17.6.

 Water flow: 0.063 m3/hr.

This experiment was considered a pre-development test. In other words, this test is the first step for a
thermal designer to check and examine if a cold plate can be a solution for cooling batteries. For that
reason, many design parameters are assumed and set arbitrary, such as channels diameter and design.

Figure 37: temperature sensors and water connections.[17]

11 Results
Some interesting results related to the objectives of this work are presented in this chapter and the
questions presented in the beginning of the report are here answered. The results are divided into two
different parts:

 Theoretical results.

 Practical results from laboratory tests.
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11.1 Theoretical results
 Battery-to-battery optimal distance for a better heat exchange:

As calculated in the previous chapter, the optimal distance between two batteries can be expressed as:= . . at x=L

And

By applying numerical values using the current flow parameters used in DAC (100 m3/hr and 20 pa
pressure drop), the result was:

Dopt=1.05 cm

This theory was verified with a test using the wind tunnel. The batteries were cycled so they could
generate heat and air cooling method was used to cool the batteries. The tests were done for both a 7mm
gap and a 11mm gap between two batteries. The result of the test is presented in the charts below (fig
42,fig.43).

 Influence of temperature on battery life:

Batteries have two different life modes. Cyclic life that is highly dependent on the number of cycles a
battery is subjected to .A less important factor in this scenario is the battery temperature.

On the other hand, float life is highly temperature dependent . An increase of 10°C above the desired
battery temperature ( 25°C) is able to reduce the battery life by 50%.

The chart below,obtained from The battery Handbook, shows the relation between float life, cell voltage
and temperature.

Figure 38: Relation between temperature and float life [8]
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Figure 38 can be used to determine the float life at different temperatures. The solid lines represent data
from float life tests performed at two different float voltages, 2.3V and 2.4V per cell. It is obvious that
battery life decreases dramatically, on a logarithmic scale, with the increase of temperature.

The different lives (float and cycle life) of a battery have been presented in this report. After meeting the
Lars Humla, the battery expert at Ericsson, information about a third type of life was given. That third life
is a combination of float and cycling life. Factors affecting cyclic life are:

 DOD (Depth of Discharge)

Figure 39: the effect of DOD on cycle life of VRLA batteries as a function of charging voltage [8]

In the figure, the relation between the depth of discharge and the cyclic life is plotted. It is obvious that
life decreases when the battery is discharged more deeply.

 Charging voltage

The charging voltage is related to the battery cyclic life with respect to the curves shown in the
following figure. It is dependent as well on the charging time, either 28-h charge or 16-hr charge.
A voltage value of  2.4 V  gives a maximum battery life when the battery is on a 28-h charge cycle
while 2.45V maximizes battery life when it is on 16-h charge cycle.
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Figure 40: effects of charging voltage on cycle life of VRLA battery [8]

Factors affecting float life are:

 Temperature
 Float voltage
 Rate of discharge
 Rectifier output

The Arrhenius equation is used to establish the relation between the operating temperature and the battery
lifetime. As an example, the life of a vented lead-acid battery decreases to its half with an increment of
10°C. For VRLA batteries, this is even worse; the life is reduced by 50% when the temperature increases
by 8°C. For Nickel-Cadmium batteries, it is shown that an increase of 10°C reduces the battery life by
only 20%.

VRLA batteries are maintained within a temperature range of 20-25°C on which their optimal
performance is based. By maintaining this temperature range, low performance will be avoided at low
temperatures as well as life-shortening effects at elevated temperature.

As mentioned in the previous section, temperature has a major effect on the battery lifetime while the
battery is on standby operation mode (float charging). The primary failure mode of the VRLA battery can
be defined as growth of the positive plate [8]. This growth is the result of chemical reactions within the
cell. Increasing the temperature would increase the growth and that may lead to a failure or damage of the
battery.

The following graph indicates the relation between temperature, capacity and battery life time in float
mode.
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Figure 41: relation between temperature, life and capacity [5]

11.2 Practical test results
Three different tests were made:

1. Variation of the cell temperature  when using different gaps between two batteries while batteries
are cooled by forced air convection method.

2. Real cell temperature compared to the temperature read by the BFU.

3. Liquid cooling vs. air cooling.

11.2.1 Relation between the temperature and the gap between
batteries

The first experiment was made using a gap of 7mm and the second experiment was made using a gap of
10mm. A 7mm gap is currently the actual air gap separating batteries in BBS 6201. Flow properties (air
temperature and flow rate) were held constant in the two different experiments. Test results are presented
below:
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Figure 42 a: resulting chart from cooling batteries with 7mm gap. [17]

Figure 42 b: resulting chart from cooling batteries with 7mm gap . [17]
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The chart above (fig 42. b) shows the temperature variation of the battery cell, room temperature, ambient
temperature and the right side of the battery where the BFU is installed. The importance of these charts is
to compare the cell temperature where the gap is 7mm with the following test where the gap is 11mm.

Figure 43 a: resulting chart from cooling batteries with 10mm gap. [17]

Figure 43 b resulting chart from cooling batteries with 10mm gap (with cell average temperature). [17]
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The result of these tests shows that by increasing the actual gap between batteries to 11mm, an increase in
heat exchange between air and batteries will occur. From the test data with a cooling air flow of 25°C cell
temperatures decreased 1.5°C between the two different gaps.

11.2.2 Real battery temperature test

The aim of this test was to feel the difference between the real cell temperature measured by the
thermocouples that are installed inside the battery cell and the temperature that is reported by a
temperature sensor glued on the battery wall.

The test description is simple. Batteries are placed in a wind tunnel and cycled with 30% DOD at 10A
followed by a direct recharge up to float charging. The air is completely blocked above the batteries, so it
can only flow in the gaps separating the batteries. This configuration is made for the purpose of getting
closer to the real applications in real battery enclosures.

Air flow was measured to be 100m3/hr and the gap between batteries was 7mm. The following chart(fig.
44) shows the various temperature variations. The objective of this test was, as mentioned, to feel the
difference between the cell temperature and the temperature reported by the BFU. The gap between
batteries was not of importance during this test.

Figure 44: resulting chart for air cooling while the flow is totally blocked above the batteries ( 7mm gap). [17]

Different temperature sensors logged the temperature of each cell, which seems to be in the same range.
Other sensors logged the temperature of the battery wall, which is to be compared with the cell
temperature so one can feel the difference between the real cell temperature and the temperature sensor
that the company currently uses, that is glued on the battery wall. During the discharge period, up to 3
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hours, the temperatures did not fluctuate much. When the charging began, at t=4hrs, the difference in
temperature between different sensors started to occur.

The results of this test show a decrease in the cell temperature by 1°C-2°C compared to the previous test
with 7mm gap, where there were the flow was not blocked above the batteries. This result was expected in
this case because when air was blocked above the batteries, it flowed in between the gap separating the
batteries. The sensors that were glued to the battery walls reported a lower temperature (by 1-1.5°C )as
well, if compared to the previous tests done where air was blocked 5cm and 10cm respectively above the
batteries . Moreover, a large temperature difference was found between the internal cells and the BFU
(6°C-7°C) which would be of great interest for the electrical designer because this difference in
temperature affects charging and discharging scenarios which can affect the battery life.

11.2.3 Liquid cooling of batteries

An interesting test with interesting expected outcomes was run in the laboratory. Batteries were cycled and
subjected to both air and liquid cooling.

The results are presented in the chart below. Unfortunately, the lowest temperature for air cooling was the
room temperature because of some difficulties with the cooling system in wind tunnel.

In figure 48 it is clearly shown that the cell temperature of the battery cooled by the mean of a cold plate
did not exceed 30°C, while the temperature of the air cooled battery cells reached 34°C. An important
conclusion can be drawn despite the limitations with this test: liquid cooling is much more effective than
air cooling. It can even keep the different battery cells within the same temperature range which would
affect its performance positively.

Figure 45: resulting chart from liquid cooling. [17]
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No difference between the different curves was found in the discharge phase. During the charging phase,
internal heat generation began and one battery was cooled by air and the other by water using a cold plate.
The fluctuation of temperature related to the sensors that are attached to the cold plate is due to some
water leakage in the beginning of the water cooling scenario. This can be shown by the up and downs
before the curves get stabilized. It is obvious from the chart as well that with liquid cooling, it is much
faster for the battery to restore its initial temperature after the charging phase. This could be an advantage
where batteries need to be cycled more than once a day.

The following test had the objective of feeling the internal thermal conduction of batteries when they are
subjected to conditions that are more or less the same in real applications.

The testing setup was the same as for the previous test, but with the following changes:

 Air was blocked above the batteries. The air flow was 0.0278m3/s and the pressure drop was
measured to 20 pa.

 A cold plate was connected on one side only. Water flow was 0.00000078 m3/s.

Figure 46: air blocked 5cm above batteries in wind tunnel. [17]

The batteries were subject to the same DOD (depth of discharge) as in the previous tests. It was
remarkable that heat was generated at the end of discharge and continued until 80% SOC (state of
charge).

The temperature of the cells was logged. Two different sensors were placed on the battery sides, one on
the cold plate side and the second on another side.
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Figure 47: result chart from liquid cooling under more realistic conditions. [17]

The results for air cooled batteries were almost the same as the results in the previous test. In the first test,
the air passage was blocked above the batteries, but with larger air gap from the top of the batteries. A
decrease in temperature of 0.5 °C was reported.

For the battery coupled with the cold plate on its side, results showed a good cooling effect within the
battery cells. The cooling was enough to cool the six cells with a difference of 1°C between the cells that
were on the cooled side of the battery and the other cells. To be mentioned is that the positive pole was
the first to sense the temperature variation.

The cooling effect within the battery cells was tested and the results can be used as a base for upcoming
tests. As an example, a cold plate on the battery back side could be an interesting future test and if this
solution proves to be feasible it could be the closest solution to a real application for Ericsson products.
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12 Analysis
The analysis of the different results presented in chapter 11 is made in this chapter. The answers to the
questions that are the core of this thesis are discussed and conclusions are drawn.

12.1 Temperature and batteries

12.1.1 Influence of temperature on battery life and performance

Temperature is very critical to battery life and performance. The result of thermo-electrical and thermo-
chemical effects as well as environmental conditions is an increase in temperature, as mentioned earlier.
Battery aging and temperature are governed by the Arrhenius equation. Each increase of 10°C above
25°C, which is the desired environment for batteries, would decrease the battery’s life by 50%. This is
mostly applicable when batteries are on standby or what is called “float charging’’ in battery language.

For other scenarios, such as cycling, temperature is also important but not as for standby application.
Therefore, appropriate cooling systems are designed to cool batteries and maintain their temperature
around 25°C.

Also, a temperature above the range of 35°C-40°C may affect batteries in the following ways:

 Expansion of active chemicals causing the battery cells to swell.

 The cell components may be subject to mechanical distortion that would lead to short circuit.

 Increase of the probability of irreversible chemical reactions, which decreases the total capacity of
the battery cell.

 Increase of the chemical reactions rate which would lead to thermal runaway.

 Gassing.

 Battery cell may explode and toxic and inflammable chemicals may be released.

The BFU would hopefully prevent the battery cells from reaching thermal runaway, internal explosion and
gassing. On the other hand, at a very low temperature and to avoid freezing, batteries may be heated to a
definite temperature that also would have a positive effect on the electrical performance and total capacity
of the battery cells. Therefore in cold climates, heating of the batteries is necessary in order to increase the
cell temperatures, thus increasing its electrical performance.

It is very important to design an appropriate thermal management system that can keep the batteries
around their preferred temperature to prevent all the effects listed above from happening. The thermal
management system should not allow for a large temperature difference between the different cells of a
battery in a long term because this influences its electrical performance that is related to its life. If the
differential is in a short term within the range of a few hours, the effect would be small.
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12.1.2 Real battery temperature

The chemical complexity of the VRLA battery cells makes it hard to simulate a very accurate model that
properly can describe the temperature profile in a battery cell.

Practical tests can though give an idea about the real temperature inside the core of a battery cell. Tests
show a difference of temperature within the range of 2°C-7°C between cell temperature and the
temperature measured on the battery walls, as well as the BFU temperature report (the BFU is the same as
any temperature sensor glued on the battery wall). The range of 2°C-7°C exists because different battery
cells reported different temperature; this difference may be the result of poor cooling on a side of the
battery while better cooling is provided on the other side.This important result would make a thermal
designer re-estimate his way of calculation regarding the design of a climate system, taking the large
temperature difference found between a BFU and the actual cell temperature in consideration. It would
also affect the electrical cycle to which a battery is subject since the BFU controls the charging phase. A
report of a temperature that differs from the realistic temperature would affect the cell performance
during charge and discharge.

An important conclusion can be drawn about the heat conduction between the electrochemical cells and
throughout the battery plastic material. The problem is treated as a heat source problem where heat is
generated in the battery cell. The temperature difference between the cell core and a temperature sensor
placed on the plastic case can theoretically be found using the following equation:= − ′′ × ( − )×
where k is the equivalent heat conduction coefficient that accounts to the heat conduction within the cell
and the heat conduction in the plastic material, q’’ is the heat generated inside the battery cell per unit
volume, Tout is the temperature read on the plastic surface of the battery, Tin is the inner cell temperature
and x-x1 is the distance between the center of the cell and the plastic material (including the plastic width).

Fig 48: Heat flow from battery cell to the outside  [17]

The term
×( )× and assuming a uniform conduction in the cell itself, can account to 4-5

degrees.

The plastic casing acts as a thermal insulation preventing the heat flow to escape to the battery
environment. That is what actually accounts to the large temperature difference that is reported as one
result of the practical tests. Nonetheless, this problem can be reduced when liquid cooling is introduced as
discussed in coming sections.
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12.1.3 Battery Fuse Unit position

Different temperature sensors were used to measure the temperature on different positions on the battery
side wall. Temperature sensors were mainly placed on three positions (on the rear and on the front part of
the battery):

 Upper side

 Middle side

 Lower side

What is important to take into consideration in this case is the peak temperature, since the BFU controls
the cycling mode of a battery and prevents the risk of thermal runaway.

One BFU is currently used to control different battery block and this gives the following drawback:

If the battery on which the BFU is placed gets warmer than other batteries, then the BFU sends an order
to reduce charging voltage which will minimize the heat generation within the battery cell. That could
affect other batteries that have lower a temperature. It would lead to a non-uniformity of the capacity of
the battery cells that would reduce their performance when they are connected to the load.

On the other hand, if the BFU is connected to a battery that has lower temperature than other batteries,
this would extend and increase the risk of thermal runaway and other problems.

A solution to this problem could be to connect the BFU to the climate system as well, if possible. That
way the BFU would trigger the climate system when batteries get hot, on a predefined temperature. Thus,
the BFU can control not only the charging and discharging of batteries, but also the climate system.

Another solution could be to maintain batteries within the enclosure at a uniform temperature so no large
temperature difference would exist between different set of batteries. A cooling system with cold plates
could be a good choice for this application.

As a conclusion, the BFU role is very important. Deeper and more detailed research and simulations could
be made to converge towards the best results regarding the positioning of the BFU on a battery itself or
among other batteries.

12.2 Air gap and battery-to-battery optimal distance
There is a match between what is written in the theory chapters and the results of the practical tests in this
study. The charts presented earlier showed a significant temperature decrease when the gap was increased
from 7mm to 10.5mm.

The air channel gap should be increased from 7mm to 10.5mm to ensure a better heat exchange between
the air and the batteries. Increasing this gap would not only increase the heat transfer, but also decrease
the pressure drop along the channel. The equation below shows the relation between ΔP and Dopt.

= . .
Dopt=b in the following equation [17] :
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This would affect the sizing of the fan and it could result in a smaller fan that would reduce energy
consumption and the total cost of the climate system.

The optimal distance, the boundary layer width of the air channel, can vary if any of the flow parameters
varies. To be mentioned is that the value of 1.05cm is the optimal distance calculated from heat transfer
equations and depends on different parameters. One of them is Reynold’s number that is related to flow
velocity and viscosity.

An evaluation of the heat transfer coefficient “h’’ shows how this parameter is related to many other
parameters, for air cooling systems, in order to reach a more accurate evaluation as shown below:

= √ × . × × . × . × ( + ) .× × ×
The objective was to show that a 7mm gap between batteries with the current flow parameters is not as
efficient as a gap of 10mm. The optimization of Dopt, which is b in the previous equation, would lead to
the optimization of the heat transfer coefficient h.

12.3 Liquid cooling
The preliminary results of the liquid cooling tests support the used theory. Generally, liquid contact
cooling provides a better heat exchange and temperature distribution within the object to be cooled. In
the case of batteries it is important to not have a large temperature differential between different batteries
in a block.

The results of the preliminary liquid cooling test were not enough to compare them with the results from
the air cooling test. The only considerably good result from the liquid cooling test was the short
restoration time, when the battery restored its initial temperature. A large cell temperature difference was
reported between the battery that was air cooled and the battery that was water cooled. A limitation for air
cooling was the impossibility to cool air below the ambient, for the different reasons related to the
laboratory equipments.

Moreover, with liquid cooling, the initial battery temperature is restored within a short time (4-5 hours)
while when using the air cooling method around 10-14 hours is needed. This leads to the following
conclusion: batteries that are equipped with a liquid cooling system can be subject to different consecutive
cycling scenarios without creating the risk of a thermal runaway.

An advantage of using a cold plate for cooling batteries is that it can accommodate to even very small gaps
between batteries (5mm). A drawback of such a technology may be the complexity of water connections
and accessories.

The objective of this test could have been wider. The aim was to test the liquid cooling efficiency while
the batteries were float charged and a considerably hot climate simulation should have been set up in the
wind tunnel, but for some reasons this climate simulation was not possible. It is interesting to make this
test in the future because it may give very important results.

The cold plate technology could be used as a stand-alone system for cooling BBS. Then a thermal bath
would be needed in order to provide chilled water and to cool it back around. Another way could be to
combine it or integrate it with another cooling system, such as thermoelectric cooling or compressor
cooling to cool the water flow before it enters the cold plate. In this stage of the work though, this is
considered to be out of scope.



-75-

12.3.1 General comparison between liquid and air cooling systems

Air cooling                                                                      Liquid cooling

Ducting air Piping liquid

Direct contact indirect contact (water)

Simple design Compact design

Less effective heat transfer Higher heat transfer rate

Lower volume efficiency Compact design

Low cost Medium to high cost

Simple and easy maintenance Complex maintenance

Not easily sealed from environment Can be easily sealed

Location sensitive -Independent of location

-High viscosity and thermal mass at low
temperatures

Table 12: comparison of liquid and air cooling [17]

12.4 Overview of tests results and conclusions
The following analysis is an overall comparison of the different results of this thesis work. The analysis of
the different air gaps is isolated from other tests analysis because for this specific test, the rate of discharge
of batteries differs from the other tests’.

The comparison criteria are based on the following:

 Peak cell temperature.

 Temperature difference between the BFU and the cells.

 The time needed by the batteries to restore the ambient temperature.
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Figure 49: results of 7mm and 10mm gap. [17]

The peak cell temperature of the 10mm gap test was lower than of the 7mm gap test by 1.5°C. Not a large
difference between the BFU and the cell temperature was therefore signaled and the uniformity of the cell
temperature was the same in both cases. The batteries separated with a 10mm gap were also quicker in
restoring ambient temperature by 1-1,5hr.

Taking the different evaluation criteria that the chart above is based on in consideration, a 10mm gap
between batteries showed improved results compared to the current 7mm gap.

Figure 50: comparison of liquid cooling and different configurations of air cooling. [17]
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In the chart above it can be seen that different air cooling configurations were used and all of them
compared to liquid cooling. A conclusion drawn from the test results is that completely blocking the air
above the batteries could result in a decrease of 1°C if compared to a configuration where a room of 5cm
is allowed for air to flow above the batteries. That would also affect the temperature difference between
the cells and the BFU, since the cooling efficiency is increased with air flowing just between the batteries.
This has a very small effect on the uniformity of cell temperature, because of the large thermal mass of the
battery and inadequate cooling efficiency and heat exchange with air.

When comparing air cooling to liquid cooling as in the chart, it is clear that liquid cooling is much more
effective because it reduces the peak cell temperature, the battery restores the ambient temperature much
quicker and a uniform temperature between the different battery cells is maintained.

For a clear comparison between air and water as cooling media, one should look on the total heat
exchange rate carried out by air and water. This can be possible by looking at the general equation for
fluid heat exchange:

where Q= heat exchange rate, m: mass flow and ΔT: temperature difference (fluid in-fluid out). Q is
assumed to be constant, Cp(Air)=1.0051kJ/kg.K at 23°C and Cp(water)=4.184 kJ/kg.K. From the
resulting chart, ΔT for both the cooling techniques are similar, which may give the idea that cooling with
air is even more effective, but to make a fair comparison the parameters of the heat exchange equation
must be the same. In other words, the water mass flow should be close to the air mass flow. During this
test, the water flow rate was almost 1000 times smaller than the air flow rate.

It would be interesting to conduct new tests with different cold plate designs, while regulating the flow
parameters (temperature and flow rate) and compare their result with the current test.

As a general conclusion, a 10mm gap between batteries would result in a higher cooling and heat exchange
efficiency. On the other hand, it might create a spacing problem within the enclosure. The real engineering
challenge would be to try to account to this new air gap in a way or another.

The liquid cooling showed a shorter time in restoring ambient temperature and this can be an advantage
for applications where batteries are cycled more than once a day to prevent thermal runaway. It has a high
cooling efficiency and at the same time keeps the battery cell temperature in the same temperature range.
That could fulfill the electrical performance requirements as well as the climate and cooling purposes. The
complexity and relatively high cost of a liquid cooling system may be a general drawback for this
application.

12.5 Thermal conduction in the cell and the plastic
material

Liquid cooling in general is much more efficient than air cooling from the heat exchange point of view.
But the tests did not show this large difference; the possible cause would be the large thermal resistance
that exists firstly in the cell itself and then in the plastic material enclosing the battery cells.

The plastic material is of poly phenylene ether [17] which is used as a thermal insulator ! After a contact
with NSB manufacturer, I knew that they manufacture batteries using this specific plastic material that has
a high thermal resistance in order to protect batteries from the heat that may flow from the outside to the
battery core. By this approach, a problem is solved and another has been created. The flow that would
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escape the battery would face a large thermal resistance on its way and that was clearly shown in my test
results.

To conclude, if the further liquid cooling tests show the same result as for the preliminary test, then the
problem lies definitely in the cell conduction itself and the plastic material. If that will be the case, then a
thermal designer can’t do much about it.
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13 Recommendations and future studies for battery
cooling

Results from this work led to interesting conclusions that could create a background for future work in
the field either for current climate systems or new technologies presented in this report.

Future recommendations are summarized by the following points:

 Improve the actual climate systems performance by adjusting enclosure’s design with the
compromise to keep the 90 inches width of the rack and allow a room for a 10mm gap between
batteries. Valuable information regarding the possibility of realizing this change could be
discussed with the mechanical design department.

 Do not depend on the BFU temperature logging! It is not the actual battery temperature. The
thermal designer should make the best possible approach in order to get closer to the cell
temperature.

 Give liquid cooling a chance. The cold plate test results were promising and should be used as a
base in initializing real and deeper feasibility studies. More research could be made to investigate
the possibility of implementing this technology on a global product.
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14 Discussion
As this thesis had the objective of looking more deeply into the different issues of battery cooling, there
was a risk of not getting answers to all the questions regarding the topic because of its width. A
background has though now been given in this report and it could act as a base for a further step in
finding the optimal way of cooling batteries.

Not much has earlier been made for cooling telecommunication backup batteries and that created a
challenge in collecting information and data for this topic. Contacting, getting support from battery
experts and learning how batteries work concerning the thesis subject was appreciated and helped when
setting up the first testing configurations that provided some important results.

More different interesting tests could have been made, but the time limitation for a Master’s thesis is
always a drawback.

Working with this thesis also led to experience working in an international milieu for a big
telecommunication company. Overall, working with this thesis was fun, learning, interesting many nice
persons were met.
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16 Appendix

A battery aging model
The Arrhenius equation is used today to estimate battery life time of telecommunication backup systems.
It is common when predicting battery life to estimate the average annual temperature and to use it in
predicting battery’s age.

Arrhenius equation:

, where k: rate of chemical process, Ea: activation energy of the system, R:
gas constant and T: temperature in K.

Time to failure

Batteries are exposed to different fluctuating temperatures. The non-linearity of Arrhenius equation results
in uneven effects on aging rates at different temperatures. Batteries used in telecommunication power
stations experience complicated temperature fluctuations. Such complicated temperature patterns make it
difficult to predict the “real’’ time of failure.

The effect of temperature fluctuation on the battery life depends on many factors:

 Battery intrinsic life
 Activation energy
 Thermal properties of battery core materials.

Simple Aging Model

Considering the Arrhenius equation:

It is usually more convenient to consider the ration of reaction rate k at two different temperatures.
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T2 is selected as a reference temperature. Since it is common to quote expected battery life of backup
systems at 25°C, this temperature is used as a reference.

The above equation would be:

This ratio of aging rates illustrates the accelerating factor for the battery at the temperature T compared to
the rate of aging at 25°C for the period of constant temperature T.

To manage calculating the total age of a battery, it is needed to accumulate the aging increments for the
entire aging period.

A convenient aging model was presented by Robert K. Jaworski (1998) (Effects of Nonlinearity of
Arrhenius equation on predictions of time to failure for Batteries exposed to fluctuating temperatures”,
Intelec, 1998) .He analyzed the assumption of calculating the expected life of a battery system by using the
average annual temperatures experienced by the batteries. Considering the case of constant temperature
over the entire life of batteries, the cumulative aging ratio mentioned before would be equal to the unity.
Then the period of expected battery life was divided in half. In the first half, the battery temperature is
below than 25°C; in the 2nd half, the temperature is higher than 25°C.

Temperatures were selected in a way that the average temperature would be 25°C. Assumed is an
activation energy value of 17Kcal/mole (in the range observed for VRLA batteries).

Four cases have been considered:

1. Battery aging for equally split constant temperature components, with average temperature of
25°C.

2. Battery aging for 25-75 split low and high temperatures respectively with the same average
temperature of 25°C.

3. Battery aging for 75-25 split low and high temperatures respectively with the same average
temperature of 25°C.
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4. Battery aging for temperatures changing linearly between the low and high limits; the average
temperature being 25°C.

The results of each case are presented in the following tables. The data in the tables were obtained for the
temperature values that range between 10°C and 50°C. It contains the aging ratio values for both high and
low temperature periods and the overall aging ratio for the entire period. This can be related to the
constant temperature which would result in the same aging rates.

50% Time 50% Time Battery Age

Temp
Spread

Low Temp High
Temp

Low T High T Overall Equivalent T

10°C 20°C 30°C 0.61 1.61 1.11 26.08°C

20°C 15°C 35°C 0.37 2.55 1.46 28.97°C

30°C 10°C 40°C 0.22 3.97 2.08 32.83°C

40°C 5°C 45°C 0.13 6.11 3.12 37.27°C

50°C 0.0°C 50°C 0.07 9.27 4.67 41.86°C

Table 1: Battery age at different temperature range between low and high [15]

The overall aging ratio and the equivalent temperature increases with increasing high-low temperature
differential.

The effect of nonlinear aging is furthermore illustrated by the following data tables. Now the length
of time spent by the batteries at high and low temperatures are no longer equal.

25% Time 75% Time Battery Age

Temp
Spread

Low Temp High
Temp

Low T High T Overall Equivalent T

10°C 17.5°C 27.5°C 0.48 1.27 1.07 25.7°C

20°C 10°C 30°C 0.22 1.61 1.26 27.41°C

30°C 2.5°C 32.5°C 0.1 2.03 1.54 29.54°C

40°C -5°C 35°C 0.04 2.55 1.92 31.91°C

50°C -12.5°C 37.5°C 0.02 3.19 2.39 34.3°C

Table 2: Battery age at different temperature range between low and high [15]
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75% Time 25% Time Battery Age

Temp
Spread

Low Temp High
Temp

Low T High T Overall Equivalent T

10°C 22.5°C 32.5°C 0.78 2.03 1.09 25.9°C

20°C 20°C 405°C 0.61 3.97 1.45 28.9°C

30°C 17.50°C 47.5°C 0.48 7.54 2.24 33.59°C

40°C 15°C 55°C 0.37 13.9 3.75 39.35°C

50°C 12.5°C 62.5°C 0.28 24.94 6.45 45.64°C

Table 3: Battery age at different temperature range between low and high [15]

The elevated temperatures increase battery aging rates to the extent. This will lead to an increase in the
overall aging rate although only short time is spent at these elevated temperatures.

More often the temperature of the batteries which are deployed in the field varies continuously between a
high and low limit. Considering a linear change between these limits, the batteries spend a significant time
at temperatures close to 25°C than being around the high and low limit. The results of such a model are
presented in table 4.

Temp spread Low Temp High Temp Overall Aging
coefficient

Equivalent
Temp

10°C 20°C 30°C 1.04 25.41

20°C 15°C 35C 1.15 26.45

30°C 10°C 40°C 1.35 28.14

40°C 5°C 45°C 1.65 30.28

50°C 0.0°C 50°C 2.09 32.83

Table 4: overall aging coefficient [15]

The above models show that if a battery is subjected to temperature fluctuations, the overall aging rate will
always be higher than the overall aging rate at 25°C. Because of the nonlinearity of temperatures, the
values of high temperatures during aging periods are the most important in determining the overall aging
rate. In the case of telecommunication applications, it is of high importance to keep the backup set of
batteries around a temperature of 25°C. This can be an issue since batteries generate heat as it was
mentioned earlier, during charge, discharge, float and overcharging scenarios.
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16.1 Test data

7mm test data
Cell4-Batt1 Cell1-Batt1 Cell2-Batt1 Cell3-Batt1 Cell5-Batt1 Cell6-Batt1 Bottom-Batt1

2011-09-21 14:41 27,04 27 27,03 27,01 26,99 27,01 27,3
2011-09-21 14:56 27,08 27,04 27,06 27,08 27,06 27,07 27,39
2011-09-21 15:11 27,14 27,12 27,14 27,14 27,13 27,16 27,64
2011-09-21 15:26 27,18 27,17 27,21 27,21 27,19 27,25 27,86
2011-09-21 15:41 27,24 27,23 27,28 27,27 27,25 27,36 28,06
2011-09-21 15:56 27,28 27,29 27,33 27,31 27,3 27,44 28,2
2011-09-21 16:11 27,3 27,32 27,37 27,35 27,33 27,49 28,29
2011-09-21 16:26 27,37 27,43 27,46 27,42 27,39 27,59 28,35
2011-09-21 16:41 27,43 27,5 27,52 27,49 27,46 27,66 28,4
2011-09-21 16:56 27,49 27,57 27,58 27,54 27,51 27,73 28,45
2011-09-21 17:11 27,56 27,65 27,67 27,61 27,58 27,8 28,49
2011-09-21 17:26 27,63 27,74 27,76 27,7 27,66 27,89 28,55
2011-09-21 17:41 27,75 27,86 27,87 27,8 27,77 28 28,63
2011-09-21 17:56 29,13 29,28 29,15 29,01 28,97 29,26 29,06
2011-09-21 18:11 30,67 30,81 30,62 30,51 30,49 30,66 29,23
2011-09-21 18:26 31,48 31,65 31,47 31,35 31,38 31,4 29,23
2011-09-21 18:41 31,89 32,02 31,87 31,77 31,81 31,76 29,24
2011-09-21 18:56 32,1 32,15 32,07 32 32,03 31,91 29,23
2011-09-21 19:11 32,17 32,18 32,15 32,09 32,13 31,95 29,22
2011-09-21 19:26 32,17 32,12 32,15 32,11 32,16 31,9 29,19
2011-09-21 19:41 32,1 32,02 32,08 32,08 32,12 31,82 29,16
2011-09-21 19:56 32,04 31,89 32,01 32,02 32,08 31,71 29,12
2011-09-21 20:11 31,95 31,75 31,9 31,91 31,98 31,58 29,07
2011-09-21 20:26 31,85 31,62 31,79 31,83 31,89 31,45 29,05
2011-09-21 20:41 31,73 31,48 31,66 31,7 31,77 31,31 28,99
2011-09-21 20:56 31,62 31,33 31,54 31,6 31,65 31,19 28,95
2011-09-21 21:11 31,48 31,19 31,4 31,49 31,55 31,06 28,91
2011-09-21 21:26 31,34 31,01 31,23 31,34 31,37 30,89 28,84
2011-09-21 21:41 31,21 30,87 31,09 31,19 31,25 30,75 28,81
2011-09-21 21:56 31,06 30,72 30,94 31,04 31,11 30,62 28,76
2011-09-21 22:11 30,92 30,56 30,79 30,91 30,96 30,47 28,71
2011-09-21 22:26 30,78 30,42 30,65 30,76 30,81 30,33 28,65
2011-09-21 22:41 30,64 30,28 30,51 30,64 30,68 30,21 28,62
2011-09-21 22:56 30,5 30,16 30,37 30,5 30,54 30,1 28,57
2011-09-21 23:11 30,39 30,04 30,25 30,37 30,39 29,96 28,54
2011-09-21 23:26 30,27 29,93 30,13 30,26 30,3 29,86 28,51
2011-09-21 23:41 30,15 29,81 30 30,13 30,15 29,76 28,47
2011-09-21 23:56 30,08 29,78 29,97 30,09 30,1 29,7 28,48
2011-09-22 00:11 30,05 29,74 29,93 30,06 30,05 29,68 28,5
2011-09-22 00:26 29,95 29,68 29,85 29,96 29,96 29,59 28,5
2011-09-22 00:41 29,9 29,63 29,78 29,89 29,9 29,54 28,5
2011-09-22 00:56 29,82 29,56 29,71 29,8 29,81 29,48 28,47
2011-09-22 01:11 29,75 29,5 29,65 29,75 29,73 29,42 28,45
2011-09-22 01:26 29,67 29,43 29,56 29,65 29,64 29,34 28,42
2011-09-22 01:41 29,58 29,36 29,48 29,57 29,57 29,28 28,4
2011-09-22 01:56 29,51 29,31 29,42 29,53 29,52 29,22 28,39
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2011-09-22 02:11 29,42 29,25 29,35 29,44 29,42 29,16 28,35
2011-09-22 02:26 29,37 29,17 29,28 29,36 29,35 29,1 28,36
2011-09-22 02:41 29,35 29,14 29,26 29,33 29,31 29,06 28,35
2011-09-22 02:56 29,26 29,08 29,17 29,26 29,23 29,01 28,31
2011-09-22 03:11 29,21 29,03 29,12 29,21 29,18 28,97 28,3
2011-09-22 03:26 29,12 28,97 29,07 29,12 29,11 28,9 28,29
2011-09-22 03:41 29,09 28,94 29,02 29,09 29,07 28,88 28,28
2011-09-22 03:56 29,03 28,88 28,98 29,02 29,01 28,83 28,26
2011-09-22 04:11 29,01 28,87 28,95 29,01 28,97 28,81 28,25
2011-09-22 04:26 28,94 28,82 28,89 28,95 28,9 28,75 28,23
2011-09-22 04:41 28,89 28,78 28,85 28,89 28,88 28,71 28,25
2011-09-22 04:56 28,86 28,75 28,82 28,87 28,86 28,69 28,25
2011-09-22 05:11 28,83 28,72 28,79 28,82 28,79 28,66 28,23
2011-09-22 05:26 28,79 28,69 28,75 28,77 28,77 28,63 28,21
2011-09-22 05:41 28,77 28,67 28,72 28,77 28,73 28,6 28,22
2011-09-22 05:56 28,71 28,62 28,68 28,71 28,71 28,57 28,19
2011-09-22 06:11 28,69 28,61 28,66 28,68 28,66 28,56 28,18
2011-09-22 06:26 28,67 28,58 28,63 28,66 28,63 28,52 28,16
2011-09-22 06:41 28,6 28,53 28,57 28,6 28,58 28,48 28,1
2011-09-22 06:56 28,54 28,5 28,52 28,54 28,52 28,43 28,02
2011-09-22 07:11 28,47 28,42 28,46 28,47 28,45 28,37 27,96
2011-09-22 07:26 28,43 28,37 28,42 28,43 28,4 28,31 27,9
2011-09-22 07:41 28,39 28,33 28,37 28,39 28,36 28,27 27,83
2011-09-22 07:56 28,32 28,28 28,31 28,32 28,3 28,22 27,76
2011-09-22 08:11 28,31 28,26 28,28 28,3 28,29 28,18 27,75
2011-09-22 08:26 28,26 28,21 28,24 28,26 28,23 28,15 27,7
2011-09-22 08:41 28,22 28,16 28,19 28,2 28,18 28,1 27,66
2011-09-22 08:56 28,16 28,14 28,15 28,18 28,16 28,06 27,64
2011-09-22 09:11 28,16 28,1 28,14 28,15 28,15 28,06 27,64
2011-09-22 09:26 28,12 28,07 28,11 28,12 28,1 28,02 27,66
2011-09-22 09:41 28,1 28,05 28,1 28,11 28,1 28,01 27,68
2011-09-22 09:56 28,1 28,03 28,07 28,08 28,09 28,01 27,74
2011-09-22 10:11 28,08 28,05 28,07 28,07 28,08 28,01 27,79
2011-09-22 10:26 28,11 28,06 28,09 28,1 28,09 28,03 27,84
2011-09-22 10:41 28,12 28,07 28,12 28,11 28,11 28,06 27,89
2011-09-22 10:56 28,08 28,06 28,09 28,08 28,08 28,03 27,91
2011-09-22 11:11 28,11 28,09 28,1 28,1 28,09 28,03 27,93
2011-09-22 11:26 28,1 28,09 28,1 28,09 28,09 28,04 27,93
2011-09-22 11:41 28,07 28,04 28,08 28,07 28,05 28,02 27,9
2011-09-22 11:56 28,06 28,05 28,07 28,06 28,05 28,01 27,9
2011-09-22 12:11 28,08 28,06 28,09 28,07 28,05 28,04 27,91
2011-09-22 12:26 28,04 28,05 28,05 28,04 28,02 28 27,97
2011-09-22 12:41 28,04 28,04 28,06 28,03 28,02 28 27,97
2011-09-22 12:56 28,06 28,06 28,06 28,06 28,06 28,05 28,02
2011-09-22 13:11 28,09 28,07 28,09 28,06 28,07 28,08 28,1
2011-09-22 13:26 28,09 28,09 28,09 28,08 28,08 28,08 28,09
2011-09-22 13:41 28,12 28,13 28,13 28,1 28,1 28,11 28,13
2011-09-22 13:56 28,12 28,13 28,12 28,11 28,1 28,14 28,14
2011-09-22 14:11 28,14 28,15 28,14 28,11 28,12 28,13 28,16
2011-09-22 14:26 28,14 28,15 28,14 28,11 28,12 28,13 28,16
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Side-Right-Batt Side-Left-Batt1 Room Temp Cell1-Batt2 Cell2-Batt2 Cell3-Batt2 cell4-Batt2 Cell5-Batt2
26,78 26,97 27,38 26,7 26,68 26,76 26,7 26,68
27,04 27,21 27,59 26,76 26,75 26,88 26,76 26,73
27,21 27,36 27,91 26,87 26,81 27,02 26,83 26,8
27,27 27,5 28,17 26,97 26,87 27,14 26,92 26,89
27,34 27,64 28,38 27,06 26,95 27,24 26,97 26,95
27,29 27,74 28,53 27,15 27,02 27,35 27,04 27,03
27,23 27,78 28,58 27,22 27,05 27,41 27,08 27,06
27,28 27,84 28,63 27,3 27,15 27,5 27,15 27,15
27,27 27,88 28,66 27,4 27,22 27,57 27,25 27,22
27,27 27,92 28,68 27,47 27,28 27,63 27,31 27,29
27,25 28 28,74 27,57 27,38 27,73 27,4 27,39
27,22 28,08 28,77 27,67 27,47 27,82 27,48 27,48
27,21 28,12 28,78 27,77 27,56 27,88 27,57 27,58
27,28 28,95 28,64 28,87 28,78 28,82 28,75 28,66
27,34 29,88 28,61 30,19 30,31 29,96 30,23 30,11
27,3 30,37 28,63 30,93 31,16 30,62 31,07 30,99

27,26 30,61 28,63 31,29 31,56 30,96 31,5 31,44
27,26 30,74 28,64 31,47 31,76 31,15 31,73 31,68
27,24 30,76 28,64 31,51 31,83 31,24 31,82 31,8
27,26 30,77 28,62 31,5 31,81 31,24 31,83 31,81
27,26 30,73 28,63 31,42 31,76 31,19 31,79 31,8
27,25 30,66 28,63 31,32 31,65 31,14 31,73 31,71
27,26 30,58 28,62 31,19 31,55 31,06 31,62 31,64
27,22 30,5 28,59 31,08 31,45 30,95 31,53 31,55
27,22 30,4 28,57 30,94 31,3 30,83 31,37 31,41
27,21 30,33 28,55 30,8 31,17 30,74 31,27 31,28
27,21 30,25 28,54 30,67 31,03 30,63 31,13 31,16
27,18 30,13 28,49 30,5 30,84 30,48 30,98 30,99
27,18 30,02 28,47 30,37 30,71 30,36 30,82 30,85
27,18 29,93 28,45 30,21 30,54 30,22 30,67 30,7
27,18 29,82 28,41 30,08 30,38 30,08 30,53 30,54
27,16 29,71 28,39 29,93 30,24 29,95 30,37 30,39
27,16 29,62 28,36 29,81 30,11 29,85 30,23 30,26
27,15 29,53 28,34 29,68 29,97 29,73 30,08 30,1
27,15 29,44 28,31 29,56 29,83 29,6 29,95 29,97
27,15 29,36 28,29 29,45 29,72 29,51 29,83 29,85
27,14 29,29 28,28 29,35 29,61 29,41 29,72 29,74
27,01 29,26 28,28 29,34 29,57 29,4 29,68 29,69
27,02 29,23 28,34 29,32 29,54 29,37 29,66 29,66
27,04 29,2 28,33 29,25 29,47 29,32 29,58 29,57
27,04 29,15 28,33 29,2 29,4 29,27 29,51 29,51
27,05 29,11 28,32 29,13 29,33 29,2 29,44 29,44
27,06 29,06 28,32 29,08 29,26 29,15 29,35 29,34
27,06 29 28,29 28,99 29,18 29,07 29,26 29,27
27,05 28,94 28,27 28,93 29,1 29 29,19 29,2
27,05 28,91 28,28 28,89 29,07 28,95 29,15 29,14
27,04 28,85 28,24 28,83 28,97 28,88 29,07 29,04
27,05 28,8 28,24 28,78 28,91 28,82 28,98 28,99
27,06 28,79 28,25 28,73 28,88 28,8 28,95 28,95
27,05 28,74 28,21 28,67 28,8 28,72 28,86 28,86
27,07 28,72 28,21 28,64 28,76 28,69 28,83 28,82
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27,06 28,66 28,19 28,58 28,7 28,63 28,77 28,74
27,08 28,65 28,21 28,56 28,66 28,61 28,73 28,7
27,06 28,6 28,2 28,48 28,61 28,55 28,67 28,64
27,1 28,58 28,2 28,47 28,58 28,55 28,64 28,62

27,09 28,55 28,18 28,41 28,53 28,49 28,57 28,56
27,11 28,52 28,18 28,41 28,49 28,45 28,54 28,51
27,11 28,51 28,18 28,37 28,48 28,43 28,52 28,5
27,11 28,5 28,19 28,35 28,43 28,39 28,47 28,46
27,1 28,45 28,18 28,32 28,39 28,36 28,44 28,42

27,09 28,44 28,17 28,29 28,36 28,37 28,41 28,41
27,07 28,42 28,16 28,27 28,33 28,31 28,35 28,35
27,07 28,39 28,14 28,23 28,31 28,28 28,35 28,32
26,92 28,37 28,13 28,21 28,27 28,26 28,3 28,27
26,78 28,32 28,05 28,15 28,21 28,2 28,23 28,23
26,68 28,25 27,98 28,11 28,17 28,15 28,19 28,17
26,59 28,18 27,9 28,04 28,1 28,07 28,13 28,09
26,53 28,14 27,83 27,99 28,05 28,02 28,08 28,05
26,5 28,08 27,78 27,96 28 27,98 28,02 28

26,48 28,02 27,73 27,88 27,95 27,91 27,98 27,96
26,46 27,99 27,69 27,86 27,92 27,89 27,95 27,93
26,47 27,96 27,65 27,83 27,9 27,84 27,9 27,9
26,47 27,9 27,6 27,77 27,84 27,79 27,87 27,85
26,5 27,88 27,59 27,74 27,8 27,77 27,83 27,81
26,6 27,86 27,6 27,72 27,79 27,75 27,79 27,79

26,69 27,87 27,62 27,69 27,76 27,71 27,77 27,76
26,76 27,87 27,67 27,68 27,72 27,72 27,77 27,74
26,85 27,88 27,71 27,67 27,74 27,71 27,76 27,75
26,96 27,91 27,78 27,67 27,74 27,73 27,75 27,75
27,03 27,94 27,86 27,72 27,76 27,76 27,78 27,77
27,07 27,97 27,93 27,72 27,77 27,78 27,78 27,76
27,01 27,97 27,93 27,7 27,73 27,76 27,74 27,73

27 28,01 27,96 27,71 27,77 27,79 27,76 27,74
26,95 27,98 27,95 27,72 27,76 27,77 27,76 27,74
26,94 27,96 27,92 27,7 27,72 27,74 27,72 27,73
26,89 27,96 27,91 27,71 27,74 27,75 27,72 27,71
26,85 27,96 27,9 27,72 27,74 27,77 27,74 27,73
26,86 27,93 27,89 27,68 27,72 27,74 27,71 27,7
26,93 27,95 27,92 27,69 27,71 27,75 27,71 27,69
27,01 28,02 28,04 27,71 27,75 27,78 27,76 27,75
27,05 28,05 28,08 27,73 27,75 27,8 27,77 27,77
27,11 28,09 28,12 27,74 27,77 27,82 27,77 27,76
27,14 28,09 28,16 27,78 27,8 27,85 27,79 27,79
27,16 28,11 28,2 27,79 27,8 27,87 27,81 27,78
27,08 28,14 28,2 27,8 27,81 27,86 27,82 27,79
27,08 28,14 28,2 27,8 27,81 27,86 27,82 27,79

Cell5-Batt2 Cell6-Batt2 Front-Lower Front-Upper Rear-Middle Ambient temperature
26,68 26,65 26,85 26,92 26,74 23,9
26,73 26,71 27,03 27,05 26,97 23,9
26,8 26,78 27,2 27,23 27,14 24,46
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26,89 26,85 27,36 27,39 27,31 24,93
26,95 26,92 27,49 27,53 27,41 25,25
27,03 26,98 27,59 27,63 27,5 25,5
27,06 27,03 27,65 27,68 27,53 25,68
27,15 27,12 27,71 27,76 27,6 25,8
27,22 27,18 27,79 27,8 27,65 25,93
27,29 27,26 27,83 27,86 27,68 26,03
27,39 27,35 27,89 27,93 27,76 26,06
27,48 27,43 27,97 27,99 27,8 26,11
27,58 27,54 28 28,05 27,85 26,14
28,66 28,89 28,71 28,72 28,61 26,06
30,11 30,4 29,39 29,41 29,43 25,93
30,99 31,25 29,71 29,76 29,83 25,9
31,44 31,65 29,83 29,92 29,99 25,9
31,68 31,8 29,87 29,98 30,07 25,91
31,8 31,83 29,88 29,98 30,09 25,86

31,81 31,78 29,85 29,94 30,07 25,87
31,8 31,68 29,78 29,86 30,01 25,85

31,71 31,53 29,71 29,79 29,97 25,84
31,64 31,42 29,64 29,72 29,9 25,81
31,55 31,27 29,55 29,62 29,85 25,77
31,41 31,1 29,44 29,54 29,74 25,74
31,28 30,96 29,38 29,45 29,67 25,72
31,16 30,82 29,31 29,37 29,59 25,67
30,99 30,63 29,2 29,25 29,48 25,65
30,85 30,49 29,12 29,19 29,41 25,6
30,7 30,31 29,05 29,1 29,3 25,52

30,54 30,17 28,96 29 29,22 25,5
30,39 30,02 28,87 28,91 29,13 25,42
30,26 29,89 28,81 28,85 29,05 25,41
30,1 29,75 28,73 28,77 28,97 25,4

29,97 29,62 28,66 28,7 28,9 25,33
29,85 29,51 28,6 28,63 28,82 25,31
29,74 29,41 28,56 28,56 28,76 25,23
29,69 29,37 28,56 28,59 28,74 25,19
29,66 29,35 28,59 28,6 28,76 25,13
29,57 29,29 28,57 28,57 28,73 25,06
29,51 29,23 28,53 28,56 28,69 25
29,44 29,17 28,5 28,51 28,65 24,96
29,34 29,1 28,47 28,49 28,6 24,94
29,27 29,03 28,43 28,43 28,56 24,94
29,2 28,96 28,39 28,4 28,51 24,9

29,14 28,91 28,38 28,39 28,48 24,87
29,04 28,83 28,33 28,34 28,4 24,85
28,99 28,78 28,29 28,3 28,37 24,85
28,95 28,74 28,29 28,29 28,36 24,87
28,86 28,69 28,23 28,24 28,31 24,92
28,82 28,63 28,23 28,23 28,3 25,01
28,74 28,57 28,18 28,19 28,26 25,11
28,7 28,55 28,18 28,19 28,22 25,27

28,64 28,48 28,14 28,16 28,2 25,38
28,62 28,46 28,15 28,15 28,19 25,45
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28,56 28,43 28,1 28,1 28,13 25,45
28,51 28,4 28,09 28,09 28,13 25,46
28,5 28,37 28,1 28,11 28,13 25,44

28,46 28,35 28,07 28,08 28,09 25,43
28,42 28,31 28,05 28,06 28,08 25,49
28,41 28,28 28,06 28,06 28,06 25,59
28,35 28,26 28,01 28,04 28,04 25,75
28,32 28,21 28 28,02 28,01 25,92
28,27 28,18 27,97 27,97 27,98 26,04
28,23 28,14 27,92 27,91 27,92 26,15
28,17 28,08 27,84 27,84 27,84 26,22
28,09 28,02 27,77 27,79 27,76 26,31
28,05 27,97 27,72 27,74 27,71 26,33

28 27,92 27,68 27,65 27,67 26,36
27,96 27,88 27,61 27,6 27,59 26,32
27,93 27,87 27,59 27,6 27,59 26,26
27,9 27,82 27,55 27,54 27,53 26,2

27,85 27,75 27,52 27,51 27,5 26,12
27,81 27,73 27,49 27,48 27,48 26,06
27,79 27,71 27,49 27,47 27,47 26,01
27,76 27,69 27,48 27,46 27,47 25,94
27,74 27,68 27,48 27,49 27,48 25,87
27,75 27,66 27,52 27,5 27,49 25,87
27,75 27,66 27,57 27,55 27,53 25,87
27,77 27,7 27,62 27,61 27,59 25,87
27,76 27,72 27,63 27,64 27,62 25,87
27,73 27,67 27,64 27,63 27,6 25,87
27,74 27,71 27,65 27,64 27,63 25,87
27,74 27,71 27,66 27,65 27,61 25,87
27,73 27,68 27,63 27,62 27,6 25,87
27,71 27,67 27,64 27,62 27,58 25,87
27,73 27,7 27,64 27,63 27,58 25,87
27,7 27,67 27,61 27,6 27,58 25,87

27,69 27,69 27,63 27,64 27,6 25,87
27,75 27,72 27,71 27,71 27,67 25,87
27,77 27,73 27,75 27,75 27,71 25,87
27,76 27,74 27,79 27,77 27,73 25,87
27,79 27,76 27,8 27,82 27,76 25,87
27,78 27,79 27,83 27,84 27,79 25,87
27,79 27,79 27,84 27,84 27,79 25,87
27,79 27,79 27,84 27,84 27,79 25,87

10mm test data
Cell4-Batt1 Cell1-Batt1 Cell2-Batt1 Cell3-Batt1 Cell5-Batt1 Cell6-Batt1 Bottom-Batt1

2011-09-22 15:23 28,12 28,15 28,14 28,1 28,1 28,12 28,12
2011-09-22 15:38 28,1 28,14 28,13 28,09 28,08 28,12 28,09
2011-09-22 15:53 28,11 28,14 28,12 28,09 28,08 28,1 27,97



-92-

2011-09-22 16:08 28,09 28,14 28,12 28,09 28,07 28,09 27,9
2011-09-22 16:23 28,1 28,12 28,11 28,08 28,07 28,11 27,84
2011-09-22 16:38 28,09 28,12 28,11 28,07 28,08 28,08 27,81
2011-09-22 16:53 28,07 28,1 28,09 28,04 28,05 28,06 27,76
2011-09-22 17:08 28,05 28,07 28,07 28,03 28,02 28,04 27,75
2011-09-22 17:23 28,01 28,02 28,04 28,02 28,01 28,04 27,95
2011-09-22 17:38 28 28,01 28,06 28,02 28,01 28,06 28,13
2011-09-22 17:53 27,98 27,99 28,04 28,02 28,02 28,07 28,26
2011-09-22 18:08 28,04 28,05 28,1 28,08 28,06 28,14 28,42
2011-09-22 18:23 28,04 28,08 28,14 28,09 28,1 28,19 28,54
2011-09-22 18:38 28,11 28,16 28,21 28,16 28,15 28,29 28,67
2011-09-22 18:53 28,17 28,22 28,28 28,22 28,21 28,35 28,79
2011-09-22 19:08 28,2 28,26 28,31 28,26 28,25 28,4 28,86
2011-09-22 19:23 28,27 28,34 28,38 28,32 28,32 28,48 28,95
2011-09-22 19:38 28,3 28,38 28,41 28,36 28,34 28,53 28,99
2011-09-22 19:53 28,37 28,44 28,48 28,42 28,41 28,6 29,07
2011-09-22 20:08 28,97 29,09 29,06 28,93 28,91 29,14 29,19
2011-09-22 20:23 30,53 30,68 30,54 30,4 30,36 30,53 29,32
2011-09-22 20:38 30,65 30,9 30,88 30,9 30,87 30,88 29,3
2011-09-22 20:53 30,87 31,02 31,21 31,02 31,05 31,15 29,28
2011-09-22 21:08 31 31,1 31,3 31,2 31,25 31,26 29,27
2011-09-22 21:23 31,2 31,05 31,15 31,15 31,18 31,05 29,25
2011-09-22 21:38 31,11 31,01 31,07 31,05 31,08 30,95 29,16
2011-09-22 21:53 30,71 30,98 31,01 31,03 30,99 30,84 29,11
2011-09-22 22:08 30,62 30,88 30,98 30,98 30,89 30,79 29,06
2011-09-22 22:23 30,57 30,77 30,88 30,91 30,78 30,74 29,01
2011-09-22 22:38 30,4 30,71 30,82 30,85 30,7 30,68 28,95
2011-09-22 22:53 30,28 30,66 30,75 30,77 30,65 30,65 28,92
2011-09-22 23:08 30,25 30,58 30,66 30,73 30,55 30,59 28,86
2011-09-22 23:23 30,2 30,51 30,66 30,71 30,51 30,52 28,85
2011-09-22 23:38 30,17 30,49 30,58 30,67 30,48 30,38 28,81
2011-09-22 23:53 30,11 30,36 30,51 30,57 30,4 30,25 28,77
2011-09-23 00:08 30,1 30,23 30,39 30,42 30,39 30,14 28,75
2011-09-23 00:23 30,09 30,13 30,27 30,33 30,31 30,05 28,73
2011-09-23 00:38 30,07 30,03 30,17 30,23 30,26 29,95 28,7
2011-09-23 00:53 30,04 29,96 30,11 30,15 30,17 29,88 28,69
2011-09-23 01:08 30,03 29,84 29,98 30,03 30,06 29,78 28,65
2011-09-23 01:23 29,96 29,77 29,92 29,95 29,97 29,7 28,63
2011-09-23 01:38 29,87 29,7 29,83 29,89 29,89 29,62 28,62
2011-09-23 01:53 29,79 29,62 29,74 29,8 29,8 29,56 28,59
2011-09-23 02:08 29,72 29,56 29,67 29,73 29,72 29,49 28,58
2011-09-23 02:23 29,69 29,52 29,63 29,66 29,7 29,46 28,59
2011-09-23 02:38 29,62 29,48 29,58 29,64 29,64 29,42 28,59
2011-09-23 02:53 29,58 29,44 29,55 29,6 29,59 29,4 28,59
2011-09-23 03:08 29,54 29,42 29,5 29,56 29,55 29,35 28,57
2011-09-23 03:23 29,49 29,36 29,44 29,49 29,48 29,29 28,56
2011-09-23 03:38 29,45 29,34 29,42 29,45 29,44 29,28 28,57
2011-09-23 03:53 29,38 29,28 29,34 29,38 29,38 29,21 28,54
2011-09-23 04:08 29,31 29,21 29,28 29,32 29,3 29,15 28,51
2011-09-23 04:23 29,28 29,16 29,23 29,27 29,27 29,12 28,5
2011-09-23 04:38 29,23 29,13 29,19 29,24 29,21 29,08 28,49
2011-09-23 04:53 29,18 29,08 29,16 29,17 29,15 29,03 28,46



-93-

2011-09-23 05:08 29,14 29,05 29,12 29,13 29,12 29 28,46
2011-09-23 05:23 29,12 29,02 29,09 29,1 29,11 28,98 28,47
2011-09-23 05:38 29,04 28,97 29,04 29,04 29,06 28,91 28,44
2011-09-23 05:53 29,03 28,93 29 29,03 29,01 28,9 28,42
2011-09-23 06:08 28,97 28,92 28,95 28,97 28,97 28,86 28,4
2011-09-23 06:23 28,93 28,87 28,91 28,93 28,91 28,81 28,38
2011-09-23 06:38 28,9 28,85 28,88 28,9 28,88 28,79 28,33
2011-09-23 06:53 28,81 28,74 28,79 28,79 28,78 28,71 28,21
2011-09-23 07:08 28,77 28,72 28,76 28,78 28,76 28,67 28,16
2011-09-23 07:23 28,68 28,65 28,68 28,69 28,68 28,6 28,04
2011-09-23 07:38 28,61 28,58 28,61 28,61 28,62 28,52 27,94
2011-09-23 07:53 28,58 28,52 28,56 28,55 28,54 28,46 27,88
2011-09-23 08:08 28,51 28,47 28,5 28,5 28,49 28,41 27,8
2011-09-23 08:23 28,48 28,43 28,48 28,48 28,47 28,38 27,77
2011-09-23 08:38 28,42 28,38 28,41 28,43 28,42 28,33 27,73
2011-09-23 08:53 28,37 28,33 28,37 28,38 28,36 28,27 27,71
2011-09-23 09:08 28,36 28,3 28,36 28,34 28,34 28,26 27,75
2011-09-23 09:23 28,31 28,27 28,31 28,32 28,3 28,23 27,74
2011-09-23 09:38 28,27 28,21 28,27 28,27 28,26 28,18 27,78
2011-09-23 09:53 28,28 28,24 28,28 28,28 28,29 28,21 27,91
2011-09-23 10:08 28,31 28,26 28,31 28,31 28,3 28,23 28,04
2011-09-23 10:23 28,33 28,31 28,33 28,33 28,32 28,28 28,19
2011-09-23 10:38 28,36 28,32 28,35 28,34 28,36 28,29 28,25
2011-09-23 10:53 28,39 28,36 28,38 28,38 28,37 28,33 28,32
2011-09-23 11:08 28,39 28,38 28,4 28,38 28,37 28,35 28,36
2011-09-23 11:23 28,4 28,38 28,41 28,38 28,38 28,36 28,38
2011-09-23 11:38 28,38 28,38 28,39 28,37 28,37 28,34 28,38
2011-09-23 11:53 28,36 28,36 28,37 28,35 28,34 28,32 28,56
2011-09-23 12:08 28,39 28,38 28,39 28,39 28,36 28,37 28,68
2011-09-23 12:23 28,45 28,46 28,45 28,44 28,41 28,45 28,81
2011-09-23 12:38 28,5 28,49 28,49 28,48 28,47 28,51 28,88
2011-09-23 12:53 28,51 28,51 28,53 28,47 28,47 28,56 28,91
2011-09-23 13:08 28,49 28,53 28,52 28,48 28,48 28,57 28,9
2011-09-23 13:23 28,51 28,55 28,54 28,5 28,51 28,57 28,85
2011-09-23 13:38 28,55 28,58 28,56 28,52 28,53 28,62 28,8
2011-09-23 13:53 28,52 28,56 28,55 28,51 28,52 28,6 28,76
2011-09-23 14:08 28,53 28,56 28,55 28,51 28,51 28,61 28,71
2011-09-23 14:23 28,54 28,57 28,56 28,51 28,51 28,61 28,67
2011-09-23 14:38 28,55 28,59 28,56 28,53 28,55 28,6 28,65
2011-09-23 14:53 28,54 28,58 28,58 28,52 28,52 28,61 28,6
2011-09-23 15:08 28,55 28,58 28,57 28,52 28,52 28,61 28,51
2011-09-23 15:23 28,53 28,56 28,57 28,52 28,52 28,59 28,43
2011-09-23 15:38 28,52 28,55 28,54 28,5 28,5 28,54 28,32
2011-09-23 15:53 28,52 28,56 28,55 28,5 28,49 28,53 28,24
2011-09-23 16:08 28,52 28,56 28,55 28,5 28,49 28,53 28,24

Side-Right-Batt Side-Left-Batt1 Room Temp Cell1-Batt2 Cell2-Batt2 Cell3-Batt2 cell4-Batt2 Cell5-Batt2
26,89 28,11 28,16 27,8 27,82 27,85 27,81 27,79
26,87 28,1 28,13 27,8 27,81 27,85 27,81 27,79
26,77 28,04 28 27,77 27,8 27,81 27,78 27,76
26,68 27,99 27,93 27,77 27,79 27,78 27,77 27,77
26,69 27,98 27,88 27,74 27,78 27,75 27,77 27,75



-94-

26,75 27,97 27,82 27,75 27,78 27,74 27,76 27,74
26,75 27,91 27,8 27,72 27,75 27,72 27,73 27,7
26,83 27,9 27,8 27,68 27,72 27,68 27,71 27,7
27,15 28,03 28,09 27,67 27,68 27,73 27,68 27,68
27,21 28,09 28,29 27,71 27,68 27,78 27,69 27,69
27,23 28,15 28,42 27,73 27,69 27,83 27,72 27,72
27,28 28,25 28,59 27,83 27,78 27,94 27,8 27,79
27,35 28,32 28,69 27,88 27,81 28 27,83 27,82
27,43 28,42 28,82 27,98 27,89 28,11 27,89 27,92
27,5 28,49 28,93 28,06 27,95 28,18 27,97 27,99

27,53 28,54 29,02 28,12 27,99 28,24 28,02 28,04
27,58 28,62 29,08 28,2 28,08 28,32 28,1 28,11
27,59 28,66 29,15 28,27 28,12 28,37 28,14 28,16
27,64 28,74 29,2 28,33 28,18 28,44 28,22 28,23
27,81 29,06 29,16 28,8 28,72 28,85 28,7 28,68
27,87 29,94 29,11 30,12 30,21 29,96 30,11 30,04
27,83 30,46 29,08 30,55 31,12 30,66 31,01 30,97
27,78 30,7 29,08 30,88 31,18 31,03 30,99 31,22
27,74 30,79 29,06 31,1 31,25 31,18 31,12 31,26
27,69 30,74 29,03 31,05 31,15 31,16 31,24 31,14
27,63 30,61 28,98 30,95 30,97 30,99 31,1 30,96
27,62 30,49 28,95 30,88 30,89 30,87 30,95 30,88
27,62 30,4 28,91 30,81 30,8 30,74 30,88 30,81
27,62 30,28 28,87 30,76 30,78 30,58 30,81 30,74
27,59 30,17 28,83 30,6 30,71 30,47 30,79 30,69
27,59 30,07 28,82 30,45 30,64 30,34 30,73 30,59
27,57 29,94 28,75 30,27 30,52 30,19 30,57 30,51
27,59 29,88 28,75 30,19 30,4 30,09 30,46 30,48
27,58 29,8 28,71 30,03 30,26 29,97 30,32 30,34
27,58 29,69 28,69 29,9 30,12 29,87 30,18 30,2
27,59 29,63 28,67 29,79 30 29,76 30,07 30,09
27,57 29,55 28,66 29,69 29,9 29,67 29,96 29,98
27,57 29,47 28,64 29,61 29,79 29,58 29,84 29,88
27,58 29,42 28,64 29,53 29,71 29,52 29,75 29,76
27,57 29,36 28,6 29,42 29,59 29,43 29,64 29,67
27,57 29,3 28,6 29,34 29,51 29,37 29,58 29,57
27,55 29,25 28,57 29,28 29,44 29,28 29,51 29,51
27,55 29,2 28,56 29,2 29,35 29,2 29,4 29,41
27,43 29,13 28,55 29,14 29,29 29,17 29,36 29,35
27,39 29,13 28,56 29,11 29,26 29,14 29,31 29,32
27,37 29,1 28,57 29,07 29,23 29,11 29,26 29,27
27,37 29,08 28,55 29,06 29,19 29,08 29,24 29,24
27,39 29,06 28,56 29,03 29,14 29,03 29,18 29,18
27,38 29,01 28,52 28,97 29,08 29 29,13 29,13
27,4 29 28,53 28,93 29,05 28,97 29,11 29,08

27,38 28,95 28,52 28,88 28,98 28,9 29,03 29,01
27,36 28,89 28,48 28,81 28,92 28,84 28,95 28,96
27,37 28,85 28,47 28,79 28,89 28,8 28,91 28,91
27,38 28,85 28,47 28,73 28,84 28,77 28,87 28,88
27,37 28,79 28,45 28,69 28,79 28,73 28,84 28,82
27,36 28,78 28,46 28,67 28,75 28,7 28,8 28,79
27,38 28,77 28,45 28,64 28,73 28,68 28,76 28,76



-95-

27,34 28,71 28,41 28,59 28,67 28,63 28,7 28,69
27,35 28,7 28,4 28,58 28,63 28,59 28,68 28,66
27,36 28,66 28,42 28,53 28,61 28,57 28,64 28,62
27,18 28,62 28,35 28,48 28,55 28,52 28,57 28,57
27,04 28,59 28,32 28,45 28,52 28,46 28,56 28,54
26,91 28,47 28,19 28,36 28,42 28,39 28,45 28,43
26,83 28,45 28,13 28,32 28,37 28,32 28,4 28,4
26,73 28,36 28,04 28,25 28,31 28,25 28,33 28,32
26,63 28,27 27,94 28,18 28,25 28,17 28,26 28,25
26,59 28,23 27,86 28,12 28,19 28,12 28,2 28,2
26,56 28,15 27,82 28,07 28,15 28,05 28,16 28,14
26,56 28,14 27,77 28,04 28,1 28,04 28,13 28,11
26,52 28,08 27,73 27,97 28,04 27,97 28,05 28,06
26,58 28,03 27,71 27,92 28,01 27,91 28,01 27,99
26,69 28,02 27,71 27,9 27,97 27,9 27,98 27,98
26,86 28,01 27,74 27,86 27,93 27,86 27,95 27,95
26,95 27,99 27,78 27,84 27,9 27,85 27,91 27,89
27,18 28,06 27,91 27,85 27,92 27,9 27,94 27,93
27,39 28,13 28,03 27,87 27,93 27,93 27,96 27,95
27,57 28,23 28,21 27,94 27,99 28 28,01 28
27,59 28,28 28,29 27,96 28,02 28,05 28,01 28
27,66 28,33 28,38 27,99 28,04 28,09 28,04 28,04
27,62 28,35 28,41 28,02 28,05 28,1 28,05 28,03
27,57 28,36 28,42 28,04 28,06 28,1 28,04 28,04
27,52 28,35 28,41 28,03 28,04 28,09 28,04 28,03
27,63 28,34 28,43 28,01 28,02 28,09 28,04 28,01
27,82 28,4 28,55 28,05 28,07 28,14 28,06 28,05
27,99 28,5 28,7 28,11 28,14 28,21 28,13 28,12
27,95 28,61 28,85 28,17 28,18 28,28 28,18 28,17
27,67 28,67 28,9 28,19 28,19 28,29 28,18 28,16
27,54 28,68 28,91 28,19 28,18 28,3 28,19 28,17
27,4 28,67 28,87 28,21 28,21 28,3 28,2 28,18

27,35 28,65 28,82 28,22 28,23 28,32 28,21 28,2
27,37 28,64 28,77 28,22 28,22 28,29 28,21 28,19
27,37 28,63 28,75 28,24 28,22 28,28 28,23 28,2
27,33 28,6 28,72 28,23 28,23 28,29 28,23 28,22
27,28 28,61 28,68 28,24 28,24 28,3 28,23 28,22
27,16 28,59 28,63 28,24 28,22 28,29 28,23 28,22
27,04 28,55 28,55 28,25 28,25 28,28 28,25 28,23
26,95 28,49 28,44 28,22 28,23 28,26 28,22 28,2
26,87 28,44 28,34 28,19 28,22 28,21 28,2 28,19
26,85 28,38 28,24 28,18 28,21 28,18 28,2 28,19
26,85 28,38 28,24 28,18 28,21 28,18 28,2 28,19

Cell6-Batt2 Front-Lower Front-Upper Rear-Middle Ambient Temperature
27,78 27,75 27,78 27,7 23,9
27,77 27,74 27,78 27,7 23,9
27,76 27,67 27,7 27,62 24,46
27,75 27,62 27,67 27,57 24,93
27,75 27,58 27,62 27,54 25,25
27,74 27,56 27,61 27,52 25,5
27,71 27,55 27,59 27,51 25,68



-96-

27,68 27,54 27,55 27,48 25,8
27,67 27,65 27,66 27,62 25,93
27,64 27,76 27,75 27,69 26,03
27,65 27,82 27,83 27,76 26,06
27,73 27,95 27,97 27,88 26,11
27,76 28,03 28,04 27,95 26,14
27,82 28,15 28,15 28,05 26,06
27,9 28,22 28,23 28,12 25,93

27,95 28,29 28,31 28,17 25,9
28,02 28,37 28,38 28,26 25,9
28,06 28,41 28,43 28,29 25,91
28,15 28,46 28,51 28,37 25,86
28,73 28,81 28,85 28,74 25,87
30,26 29,55 29,62 29,57 25,85
31,18 29,92 30,06 29,97 25,84
30,48 30,06 30,27 30,16 25,81
31,3 30,07 30,31 30,19 25,77

31,15 30,01 30,24 30,13 25,74
30,99 29,83 30,08 29,99 25,72
30,87 29,72 29,95 29,87 25,67
30,79 29,63 29,81 29,77 25,65
30,68 29,51 29,69 29,66 25,6
30,58 29,42 29,58 29,59 25,52
30,53 29,34 29,47 29,49 25,5
30,38 29,23 29,37 29,4 25,42
30,24 29,18 29,3 29,34 25,41
30,09 29,08 29,2 29,24 25,4
29,97 29,02 29,11 29,17 25,33
29,83 28,95 29,05 29,11 25,31
29,73 28,9 28,99 29,05 25,23
29,62 28,84 28,91 28,97 25,19
29,55 28,82 28,88 28,94 25,13
29,45 28,75 28,82 28,87 25,06
29,36 28,7 28,77 28,81 25
29,31 28,68 28,74 28,78 24,96
29,19 28,62 28,68 28,72 24,94
29,17 28,59 28,66 28,69 24,94
29,13 28,6 28,65 28,69 24,9
29,11 28,58 28,64 28,68 24,87
29,06 28,57 28,63 28,66 24,85
29,02 28,55 28,6 28,63 24,85
28,97 28,52 28,57 28,59 24,87
28,95 28,52 28,55 28,58 24,92
28,88 28,47 28,51 28,53 25,01
28,82 28,42 28,46 28,5 25,11
28,77 28,41 28,44 28,46 25,27
28,75 28,4 28,43 28,44 25,38
28,7 28,35 28,4 28,41 25,45

28,66 28,34 28,38 28,39 25,45
28,65 28,34 28,37 28,36 25,46
28,59 28,3 28,33 28,33 25,44
28,55 28,28 28,31 28,3 25,43



-97-

28,53 28,24 28,28 28,27 25,49
28,47 28,19 28,24 28,2 25,59
28,45 28,15 28,19 28,16 25,75
28,35 28,04 28,08 28,06 25,92
28,32 27,98 28,03 28 26,04
28,23 27,89 27,95 27,9 26,15
28,17 27,82 27,86 27,81 26,22
28,12 27,74 27,81 27,77 26,31
28,06 27,7 27,74 27,69 26,33
28,03 27,68 27,72 27,68 26,36
27,98 27,61 27,67 27,62 26,32
27,93 27,58 27,64 27,59 26,26
27,9 27,59 27,62 27,59 26,2

27,86 27,59 27,62 27,58 26,12
27,81 27,6 27,62 27,59 26,06
27,86 27,7 27,7 27,7 26,01
27,9 27,79 27,79 27,79 25,94

27,93 27,91 27,91 27,89 25,87
27,96 27,96 27,97 27,92 25,87
27,98 28,03 28,02 27,99 25,87
27,99 28,03 28,02 27,99 25,87
28,02 28,04 28,03 28 25,87
27,99 28,02 28,03 27,98 25,87

28 28,04 28,05 27,99 25,87
28,04 28,14 28,14 28,1 25,87
28,11 28,28 28,26 28,2 25,87
28,15 28,34 28,35 28,28 25,87
28,18 28,39 28,39 28,33 25,87
28,19 28,39 28,4 28,32 25,87
28,21 28,38 28,39 28,32 25,87
28,23 28,36 28,38 28,31 25,87
28,2 28,33 28,34 28,28 25,87

28,23 28,34 28,36 28,27 25,87
28,25 28,29 28,32 28,24 25,87
28,26 28,29 28,3 28,24 25,87
28,25 28,25 28,28 28,19 25,87
28,26 28,19 28,24 28,15 25,87
28,22 28,14 28,17 28,1 25,87
28,21 28,07 28,1 28,01 25,87
28,19 28 28,05 27,96 25,87
28,19 28 28,05 27,96 25,87

Battery inner-temperature test

2011-09-14 16:26
Cell4-
Batt1 Cell1-Batt1

Cell2-
Batt1

Cell3-
Batt1

Cell5-
Batt1

Cell6-
Batt1

Bottom-
Batt1

2011-09-14 16:41 26,38 26,39 26,42 26,37 26,39 26,4 27,62
2011-09-14 16:56 26,79 26,84 27,01 26,9 26,89 27,04 27,23
2011-09-14 17:11 27,41 27,52 27,74 27,59 27,55 27,83 28,22



-98-

2011-09-14 17:26 28,69 28,82 28,87 28,69 28,69 28,95 28,09
2011-09-14 17:41 30,28 30,43 30,37 30,17 30,21 30,34 28,14
2011-09-14 17:56 31,76 31,91 31,78 31,6 31,66 31,72 28,38
2011-09-14 18:11 32,48 32,64 32,51 32,33 32,44 32,46 28,4
2011-09-14 18:26 32,81 32,98 32,89 32,7 32,83 32,8 28,42
2011-09-14 18:41 32,93 33,06 33,05 32,83 32,98 32,94 28,25
2011-09-14 18:56 32,89 33,03 33,07 32,81 33,01 32,92 28,3
2011-09-14 19:11 32,81 32,95 33,03 32,73 32,98 32,84 28,25
2011-09-14 19:26 32,69 32,79 32,95 32,62 32,89 32,73 28,17
2011-09-14 19:41 32,53 32,65 32,82 32,49 32,76 32,59 28,24
2011-09-14 19:56 32,4 32,49 32,7 32,36 32,65 32,47 28,01
2011-09-14 20:11 32,22 32,34 32,56 32,21 32,53 32,3 27,85
2011-09-14 20:26 32,06 32,16 32,42 32,06 32,39 32,15 27,92
2011-09-14 20:41 31,93 32 32,29 31,91 32,25 31,99 27,68
2011-09-14 20:56 31,78 31,86 32,15 31,78 32,13 31,84 27,65
2011-09-14 21:11 31,61 31,68 31,99 31,62 31,97 31,68 27,59
2011-09-14 21:26 31,48 31,52 31,84 31,47 31,85 31,53 27,48
2011-09-14 21:41 31,32 31,37 31,71 31,34 31,7 31,36 27,38
2011-09-14 21:56 31,18 31,2 31,54 31,19 31,55 31,21 27,35
2011-09-14 22:11 31,05 31,04 31,38 31,05 31,41 31,04 27,28
2011-09-14 22:26 30,94 30,91 31,27 30,92 31,29 30,93 27,23
2011-09-14 22:41 30,79 30,76 31,12 30,79 31,14 30,78 27,2
2011-09-14 22:56 30,68 30,63 30,98 30,68 31,01 30,65 27,14
2011-09-14 23:11 30,55 30,5 30,85 30,55 30,9 30,53 27,12
2011-09-14 23:26 30,46 30,39 30,75 30,45 30,78 30,42 27,07
2011-09-14 23:41 30,3 30,25 30,59 30,29 30,63 30,28 27,05
2011-09-14 23:56 30,2 30,14 30,48 30,19 30,5 30,15 27,03
2011-09-15 00:11 30,08 30,01 30,34 30,08 30,4 30,05 26,97
2011-09-15 00:26 29,96 29,9 30,23 29,96 30,27 29,93 26,95
2011-09-15 00:41 29,87 29,79 30,12 29,87 30,15 29,8 26,9
2011-09-15 00:56 29,75 29,69 30,01 29,76 30,06 29,72 26,88
2011-09-15 01:11 29,65 29,58 29,9 29,67 29,94 29,62 26,86
2011-09-15 01:26 29,58 29,5 29,81 29,58 29,85 29,52 26,9
2011-09-15 01:41 29,48 29,4 29,7 29,48 29,74 29,42 26,86
2011-09-15 01:56 29,39 29,31 29,6 29,38 29,65 29,34 26,79
2011-09-15 02:11 29,28 29,23 29,51 29,3 29,55 29,24 26,79
2011-09-15 02:26 29,21 29,14 29,42 29,22 29,46 29,17 26,77
2011-09-15 02:41 29,13 29,07 29,34 29,13 29,37 29,09 26,73
2011-09-15 02:56 29,08 28,99 29,26 29,06 29,29 29 26,78
2011-09-15 03:11 28,97 28,91 29,16 28,96 29,19 28,92 26,73
2011-09-15 03:26 28,91 28,84 29,09 28,9 29,11 28,84 26,66
2011-09-15 03:41 28,83 28,76 29,02 28,83 29,03 28,76 26,71
2011-09-15 03:56 28,76 28,71 28,94 28,76 28,97 28,7 26,69
2011-09-15 04:11 28,69 28,62 28,86 28,69 28,88 28,63 26,66
2011-09-15 04:26 28,62 28,56 28,8 28,61 28,82 28,59 26,67
2011-09-15 04:41 28,53 28,49 28,71 28,54 28,73 28,49 26,58
2011-09-15 04:56 28,48 28,43 28,66 28,47 28,67 28,45 26,57
2011-09-15 05:11 28,42 28,37 28,58 28,41 28,6 28,38 26,58
2011-09-15 05:26 28,34 28,29 28,51 28,35 28,53 28,3 26,56
2011-09-15 05:41 28,31 28,25 28,45 28,29 28,49 28,28 26,55
2011-09-15 05:56 28,23 28,18 28,38 28,24 28,4 28,19 26,5
2011-09-15 06:11 28,19 28,12 28,31 28,16 28,32 28,13 26,49



-99-

2011-09-15 06:26 28,13 28,08 28,25 28,12 28,28 28,09 26,4
2011-09-15 06:41 28,03 27,96 28,15 28,03 28,18 27,99 26,31
2011-09-15 06:56 27,91 27,84 28,03 27,91 28,07 27,87 26,17
2011-09-15 07:11 27,82 27,73 27,92 27,82 27,97 27,73 26,02
2011-09-15 07:26 27,75 27,63 27,83 27,75 27,88 27,64 25,95
2011-09-15 07:41 27,64 27,52 27,7 27,65 27,78 27,52 25,86
2011-09-15 07:56 27,57 27,41 27,63 27,58 27,72 27,44 25,84
2011-09-15 08:11 27,51 27,32 27,54 27,5 27,63 27,35 25,77
2011-09-15 08:26 27,4 27,2 27,45 27,41 27,53 27,25 25,72
2011-09-15 08:41 27,36 27,16 27,36 27,34 27,47 27,18 25,7
2011-09-15 08:56 27,3 27,1 27,32 27,31 27,41 27,12 25,69
2011-09-15 09:11 27,25 27,04 27,26 27,24 27,34 27,07 25,81
2011-09-15 09:26 27,24 27,02 27,23 27,21 27,33 27,05 25,94
2011-09-15 09:41 27,2 26,99 27,21 27,19 27,3 27,04 26,07
2011-09-15 09:56 27,17 26,98 27,2 27,17 27,28 27,03 26,28
2011-09-15 10:11 27,18 27 27,19 27,17 27,28 27,05 26,41
2011-09-15 10:26 27,17 27 27,18 27,16 27,28 27,06 26,45
2011-09-15 10:41 27,16 26,97 27,16 27,16 27,25 27,04 26,52

Side-Right-Batt Side-Left-Batt1
Room
Temp

Cell1-
Batt2

Cell2-
Batt2

Cell3-
Batt2

26,59 26,28 26,88 26 26,06 26,02
26,2 26,69 26,8 26,64 26,56 26,71

26,23 27,2 27,19 27,35 27,18 27,47
26,35 28,29 26,89 28,41 28,34 28,3
26,53 29,59 27,01 29,73 29,83 29,48
26,75 30,87 27,05 31,04 31,3 30,73
26,52 31,53 26,85 31,73 32,07 31,4
26,32 31,85 26,49 32,05 32,43 31,71
26,43 32,04 26,77 32,15 32,55 31,85
26,41 32,05 26,75 32,11 32,53 31,83
26,28 32,03 26,51 32,01 32,45 31,72
26,42 31,92 26,66 31,86 32,33 31,6
26,35 31,85 26,61 31,71 32,17 31,42
26,18 31,76 26,46 31,54 32,04 31,26
26,18 31,62 26,36 31,37 31,86 31,11
26,17 31,52 26,47 31,2 31,7 30,95
26,09 31,38 26,32 31,02 31,55 30,8
26,07 31,26 26,29 30,88 31,39 30,66
26,05 31,12 26,29 30,69 31,21 30,49
26,02 31,01 26,24 30,55 31,06 30,35
26,01 30,87 26,2 30,39 30,9 30,22
25,97 30,77 26,18 30,22 30,73 30,05
25,93 30,6 26,2 30,06 30,55 29,93
25,98 30,47 26,12 29,93 30,41 29,8
25,88 30,39 26,06 29,8 30,28 29,66
25,86 30,27 26,13 29,67 30,13 29,54
25,92 30,16 26,12 29,55 30,02 29,44
25,92 30,06 26,1 29,45 29,9 29,34
25,9 29,96 26,16 29,31 29,75 29,2
25,9 29,83 26,11 29,2 29,62 29,11

25,83 29,73 25,96 29,09 29,51 29
25,82 29,63 25,97 28,98 29,38 28,89
25,87 29,51 26,02 28,85 29,28 28,78



-100-

25,85 29,43 25,95 28,77 29,18 28,71
25,83 29,35 26,03 28,67 29,05 28,6
25,89 29,25 26,07 28,6 28,99 28,53
25,86 29,18 26,1 28,51 28,88 28,44
25,85 29,08 26,05 28,42 28,78 28,36
25,88 28,99 26,06 28,34 28,7 28,29
25,87 28,94 26,03 28,26 28,59 28,23
25,84 28,85 26,06 28,2 28,53 28,15
25,9 28,79 26,05 28,14 28,45 28,08

25,87 28,71 26,11 28,04 28,36 28
25,84 28,65 26,02 27,99 28,28 27,95
25,86 28,6 26,15 27,93 28,22 27,87
25,88 28,51 26,07 27,87 28,16 27,83
25,82 28,43 25,92 27,81 28,09 27,76
25,87 28,39 26,1 27,75 28,03 27,7
25,85 28,3 25,96 27,69 27,94 27,64
25,81 28,26 25,88 27,64 27,88 27,6
25,81 28,18 25,78 27,59 27,85 27,54
25,59 28,09 25,76 27,51 27,77 27,48
25,48 28,08 25,52 27,47 27,72 27,44
25,44 27,98 25,6 27,41 27,65 27,38
25,5 27,92 25,62 27,36 27,59 27,31

25,48 27,81 25,71 27,3 27,54 27,29
25,4 27,66 25,48 27,21 27,44 27,19

25,26 27,55 25,42 27,1 27,32 27,1
25,12 27,43 25,22 26,96 27,21 27
25,08 27,32 25,27 26,86 27,11 26,92
25,01 27,23 25,19 26,76 26,99 26,83
25,02 27,15 25,22 26,67 26,93 26,77
24,99 27,1 25,18 26,59 26,84 26,69
24,96 27,02 25,13 26,49 26,73 26,61
24,92 27,01 25,11 26,44 26,68 26,57
24,94 27 25,15 26,4 26,64 26,53
25,02 26,95 25,35 26,36 26,59 26,51
25,19 26,97 25,47 26,36 26,59 26,5
25,32 26,95 25,59 26,36 26,57 26,5
25,57 26,97 25,83 26,38 26,58 26,48
25,65 27 25,65 26,42 26,6 26,51
25,65 27 25,82 26,44 26,6 26,51
25,55 27,03 25,85 26,46 26,59 26,51

cell4-
Batt2

Cell5-
Batt2

Cell6-
Batt2

Front-
Lower

Front-
Upper

Rear-
Middle

26,01 26,01 26,06 26,02 26,12 25,82
26,56 26,53 26,5 26,18 26,78 26,23
27,23 27,23 27,09 26,49 27,54 26,66
28,38 28,35 28,31 27,41 28,12 27,56
29,81 29,76 29,88 28,44 28,94 28,67
31,23 31,16 31,37 29,47 29,86 29,73
31,97 31,94 32,13 29,85 30,14 30,12
32,31 32,32 32,45 29,93 30,03 30,27
32,42 32,45 32,53 30,04 30,22 30,37



-101-

32,38 32,45 32,47 29,95 30,21 30,24
32,25 32,39 32,37 29,93 29,99 30,12
32,13 32,27 32,19 29,76 29,94 30,07
31,94 32,11 31,99 29,69 29,65 29,78
31,77 31,98 31,82 29,51 29,58 29,73
31,56 31,81 31,63 29,37 29,42 29,61
31,4 31,66 31,45 29,26 29,24 29,35

31,22 31,51 31,26 29,12 29,19 29,35
31,08 31,34 31,09 28,97 29,03 29,26
30,9 31,16 30,9 28,87 28,92 29,06

30,73 31,01 30,73 28,75 28,79 28,99
30,57 30,85 30,54 28,63 28,65 28,88
30,42 30,7 30,37 28,52 28,56 28,75
30,27 30,55 30,21 28,4 28,45 28,63
30,14 30,41 30,07 28,34 28,34 28,57
30,01 30,27 29,92 28,22 28,26 28,44
29,87 30,14 29,78 28,16 28,18 28,34
29,75 30 29,66 28,08 28,07 28,28
29,63 29,89 29,55 28,01 28,02 28,23
29,49 29,75 29,4 27,92 27,95 28,13
29,37 29,62 29,28 27,85 27,84 28,03
29,26 29,51 29,16 27,73 27,78 27,95
29,16 29,39 29,05 27,7 27,73 27,86
29,06 29,28 28,92 27,63 27,63 27,82
28,96 29,17 28,85 27,56 27,57 27,74
28,86 29,07 28,76 27,53 27,51 27,66
28,78 28,98 28,68 27,48 27,47 27,66
28,69 28,87 28,57 27,43 27,39 27,55
28,59 28,77 28,49 27,38 27,35 27,47
28,5 28,69 28,4 27,33 27,34 27,47

28,42 28,61 28,32 27,26 27,29 27,4
28,36 28,52 28,26 27,22 27,23 27,35
28,29 28,45 28,2 27,21 27,2 27,32
28,19 28,36 28,1 27,16 27,14 27,24
28,13 28,29 28,04 27,12 27,1 27,2
28,06 28,21 27,98 27,09 27,02 27,15

28 28,14 27,92 27,06 27,03 27,13
27,93 28,06 27,86 26,99 26,96 27,08
27,87 28,01 27,79 26,99 26,97 27,03
27,79 27,94 27,72 26,93 26,9 26,97
27,74 27,88 27,67 26,87 26,86 26,94
27,69 27,81 27,61 26,83 26,83 26,9
27,63 27,76 27,56 26,72 26,75 26,84
27,59 27,72 27,53 26,72 26,7 26,79
27,53 27,65 27,46 26,65 26,68 26,74
27,47 27,6 27,41 26,6 26,63 26,72
27,42 27,53 27,35 26,55 26,56 26,76
27,31 27,43 27,25 26,37 26,39 26,67
27,21 27,33 27,14 26,26 26,28 26,6
27,13 27,24 27,02 26,16 26,15 26,49
27,05 27,16 26,94 26,03 26,07 26,44
26,96 27,05 26,81 25,94 25,97 26,36



-102-

26,91 27 26,74 25,9 25,93 26,32
26,83 26,91 26,64 25,84 25,84 26,26
26,75 26,81 26,54 25,81 25,8 26,13
26,68 26,76 26,48 25,81 25,79 26,07
26,66 26,73 26,43 25,78 25,81 26,05
26,6 26,68 26,39 25,85 25,87 26,02

26,61 26,68 26,39 25,95 25,98 26,06
26,59 26,65 26,38 26,03 26,09 26,08
26,59 26,65 26,41 26,18 26,28 26,13
26,59 26,65 26,43 26,24 26,33 26,21
26,59 26,64 26,45 26,28 26,36 26,19
26,57 26,64 26,46 26,32 26,41 26,09

Air totally blocked above batteries-Test data

2011-10-17 13:30 Cell1-Batt1 Cell2-Batt1 Cell3-batt1 Cell4-batt1 Cell5-batt1
2011-10-18 13:45 23,03 23,01 23,03 23,01 23,02
2011-10-19 14:00 23,07 23,04 23,05 23,24 23,24
2011-10-20 14:15 23,11 23,06 23,09 23,28 23,27
2011-10-21 14:30 23,13 23,07 23,12 23,01 23,02
2011-10-22 14:45 23,15 23,09 23,15 23,24 23,24
2011-10-23 15:00 23,15 23,12 23,17 23,28 23,27
2011-10-24 15:15 23,17 23,15 23,18 23,01 23,02
2011-10-25 15:30 23,18 23,17 23,2 23,29 23,29
2011-10-26 15:45 23,18 23,19 23,23 23,3 23,3
2011-10-27 16:00 23,2 23,21 23,25 23,29 23,29
2011-10-28 16:15 23,22 23,24 23,27 23,3 23,3
2011-10-29 16:30 23,46 23,47 23,41 23,46 23,47
2011-10-29 16:45 23,47 23,48 23,41 23,48 23,5
2011-10-29 17:00 23,88 23,96 23,9 23,96 24,05
2011-10-29 17:15 24,31 24,5 24,43 24,53 24,66
2011-10-29 17:30 24,99 25,22 25,11 25,27 25,48
2011-10-29 17:45 26,58 26,77 26,62 27,01 27,28
2011-10-29 18:00 27,26 27,39 27,27 27,66 27,81
2011-10-29 18:15 28,48 28,51 28,45 28,8 28,87
2011-10-29 18:30 29,86 29,77 29,77 30,04 30,01
2011-10-29 18:45 31,16 31,02 31,05 31,25 31,1
2011-10-29 19:00 32,51 32,28 32,34 32,5 32,26
2011-10-29 19:15 33,16 32,97 33,08 33,13 32,83
2011-10-29 19:30 33,06 32,92 33,06 33,03 32,69
2011-10-29 19:45 32,71 32,61 32,77 32,69 32,3
2011-10-29 20:00 32,29 32,19 32,37 32,26 31,83
2011-10-29 20:15 31,84 31,78 31,96 31,8 31,36
2011-10-29 20:30 31,43 31,38 31,54 31,37 30,93
2011-10-29 20:45 31,02 30,99 31,15 30,98 30,52
2011-10-29 21:00 30,63 30,59 30,77 30,57 30,13
2011-10-29 21:15 30,29 30,25 30,42 30,22 29,78
2011-10-29 21:30 29,93 29,92 30,06 29,87 29,44
2011-10-29 21:45 29,63 29,61 29,75 29,56 29,14



-103-

2011-10-29 22:00 29,33 29,31 29,45 29,26 28,84
2011-10-29 22:15 29,03 29,01 29,14 28,93 28,57
2011-10-29 22:30 28,77 28,75 28,86 28,67 28,3
2011-10-29 22:45 28,53 28,5 28,62 28,44 28,09
2011-10-29 23:00 28,27 28,26 28,37 28,19 27,84
2011-10-29 23:15 28,06 28,05 28,15 27,97 27,65
2011-10-29 23:30 27,84 27,82 27,9 27,75 27,45
2011-10-29 23:45 27,62 27,62 27,7 27,55 27,28
2011-10-30 00:00 27,44 27,42 27,52 27,37 27,09
2011-10-30 00:15 27,29 27,27 27,34 27,21 26,95
2011-10-30 00:30 27,09 27,08 27,15 27,03 26,78
2011-10-30 00:45 26,96 26,94 27,01 26,88 26,66
2011-10-30 01:00 26,81 26,8 26,86 26,74 26,53
2011-10-30 01:15 26,71 26,67 26,74 26,63 26,43
2011-10-30 01:30 26,56 26,55 26,58 26,49 26,29
2011-10-30 01:45 26,43 26,43 26,47 26,37 26,19
2011-10-30 02:00 26,43 26,43 26,47 26,37 26,19
2011-10-30 02:15 26,43 26,43 26,47 26,37 26,19
2011-10-30 02:30 26,43 26,43 26,47 26,37 26,19
2011-10-30 02:45 26,43 26,43 26,47 26,37 26,19
2011-10-30 02:00 26,34 26,32 26,36 26,27 26,1
2011-10-30 02:15 26,2 26,21 26,23 26,18 25,99
2011-10-30 02:30 26,1 26,1 26,13 26,07 25,9
2011-10-30 02:45 26,01 26,01 26,05 25,97 25,82
2011-10-30 03:00 25,93 25,93 25,96 25,9 25,75
2011-10-30 03:15 25,85 25,84 25,86 25,83 25,67
2011-10-30 03:30 25,75 25,76 25,78 25,74 25,59
2011-10-30 03:45 25,68 25,67 25,7 25,66 25,53
2011-10-30 04:00 25,63 25,61 25,65 25,61 25,48
2011-10-30 04:15 25,56 25,53 25,57 25,54 25,41
2011-10-30 04:30 25,5 25,48 25,51 25,49 25,37
2011-10-30 04:45 25,46 25,45 25,45 25,44 25,34
2011-10-30 05:00 25,39 25,39 25,39 25,38 25,26
2011-10-30 05:15 25,34 25,34 25,35 25,33 25,23
2011-10-30 05:30 25,29 25,29 25,3 25,29 25,19
2011-10-30 05:45 25,28 25,26 25,28 25,27 25,16
2011-10-30 06:00 25,23 25,2 25,22 25,21 25,13
2011-10-30 06:15 25,17 25,16 25,18 25,17 25,07
2011-10-30 06:30 25,13 25,13 25,15 25,15 25,06
2011-10-30 06:45 25,09 25,09 25,08 25,08 25,01
2011-10-30 07:00 25,06 25,07 25,08 25,07 24,99
2011-10-30 07:15 25,05 25,03 25,05 25,06 24,97
2011-10-30 07:30 25,01 25,01 25 25,02 24,94
2011-10-30 07:45 24,99 24,99 24,99 24,99 24,91
2011-10-30 08:00 24,96 24,97 24,96 24,97 24,89
2011-10-30 08:15 24,91 24,92 24,93 24,93 24,85
2011-10-30 08:30 24,91 24,9 24,92 24,92 24,85
2011-10-30 08:45 24,87 24,85 24,88 24,87 24,81
2011-10-30 09:00 24,86 24,84 24,86 24,86 24,81
2011-10-30 09:15 24,81 24,82 24,82 24,83 24,77
2011-10-30 09:30 24,82 24,81 24,83 24,83 24,78
2011-10-30 09:45 24,79 24,8 24,8 24,82 24,75
2011-10-30 10:00 24,77 24,77 24,76 24,79 24,73



-104-

2011-10-30 10:15 24,78 24,77 24,76 24,8 24,73
2011-10-30 10:30 24,76 24,75 24,76 24,77 24,73
2011-10-30 10:45 24,72 24,73 24,74 24,76 24,69
2011-10-30 11:00 24,71 24,72 24,71 24,73 24,7
2011-10-30 11:15 24,7 24,7 24,7 24,73 24,68
2011-10-30 11:30 24,69 24,7 24,71 24,72 24,67
2011-10-30 11:45 24,69 24,7 24,7 24,72 24,67
2011-10-30 12:00 24,68 24,67 24,66 24,68 24,64
2011-10-30 12:15 24,66 24,67 24,67 24,7 24,65

Cell6-batt1 Batt1-Upper Batt1-Middle Batt1-Lower Air flow temp Time
23,08 23,15 22,76 22,98 21,56 0
23,35 23,24 22,95 23,22 21,57 0,25
23,39 23,26 23,02 23,23 21,54 0,5
23,08 23,29 22,76 22,98 21,62 0,75
23,35 23,32 22,95 23,22 21,63 1
23,39 23,35 23,02 23,23 21,6 1,25
23,08 23,38 22,76 22,98 21,53 1,5
23,29 23,4 23,29 23,22 21,47 1,75
23,3 23,43 23,3 23,23 21,44 2

23,29 23,46 23,29 23,22 21,38 2,25
23,3 23,5 23,3 23,23 21,36 2,5

23,47 23,57 23,49 23,48 21,33 2,75
23,49 23,64 23,62 23,58 21,31 3
23,91 24,51 24,25 24,13 22,37 3,25
24,41 25,39 25,02 24,81 23,44 3,5
25,16 26,16 25,68 25,47 24,09 3,75
27,28 27,03 26,73 26,48 24,55 4
27,86 26,95 26,92 26,66 24,21 4,25

29 27,03 27,21 26,84 23,95 4,5
30,28 27,17 27,62 27,15 23,88 4,75
31,51 27,39 28,04 27,51 23,85 5
32,76 27,67 28,51 27,93 23,94 5,25
33,33 27,78 28,79 28,14 23,98 5,5
33,13 27,71 28,73 28,13 24 5,75
32,67 27,57 28,57 28,01 24,01 6
32,18 27,4 28,35 27,85 23,97 6,25
31,66 27,23 28,14 27,67 23,92 6,5
31,2 27,08 27,94 27,51 23,88 6,75

30,77 26,94 27,73 27,33 23,82 7
30,33 26,79 27,52 27,16 23,73 7,25
29,96 26,66 27,35 27,02 23,65 7,5
29,62 26,51 27,17 26,83 23,55 7,75
29,31 26,43 27,03 26,73 23,5 8
28,99 26,3 26,87 26,58 23,44 8,25
28,69 26,17 26,7 26,43 23,33 8,5
28,43 26,07 26,58 26,31 23,29 8,75
28,2 25,98 26,47 26,22 23,24 9

27,95 25,89 26,33 26,1 23,16 9,25
27,75 25,8 26,23 26,01 23,09 9,5
27,54 25,72 26,12 25,9 23,05 9,75
27,35 25,66 26,01 25,81 22,98 10



-105-

27,17 25,57 25,93 25,73 22,94 10,25
27,03 25,52 25,85 25,66 22,89 10,5
26,84 25,43 25,73 25,56 22,81 10,75
26,73 25,37 25,66 25,5 22,77 11
26,59 25,32 25,61 25,44 22,74 11,25
26,48 25,29 25,53 25,39 22,71 11,5
26,35 25,21 25,46 25,31 22,66 11,75
26,23 25,17 25,4 25,27 22,62 12
26,23 25,17 25,4 25,27 22,62 12,25
26,23 25,17 25,4 25,27 22,62 12,5
26,23 25,17 25,4 25,27 22,62 12,75
26,23 25,17 25,4 25,27 22,62 13
26,16 25,13 25,37 25,23 22,62 13,25
26,02 25,09 25,3 25,16 22,57 13,5
25,95 25,03 25,23 25,11 22,52 13,75
25,86 24,98 25,18 25,06 22,48 14
25,79 24,97 25,17 25,05 22,47 14,25
25,71 24,95 25,11 25 22,44 14,5
25,64 24,9 25,06 24,96 22,41 14,75
25,54 24,87 25,01 24,9 22,36 15
25,5 24,84 24,99 24,89 22,36 15,25

25,42 24,8 24,95 24,85 22,36 15,5
25,4 24,8 24,93 24,84 22,34 15,75

25,36 24,79 24,92 24,82 22,34 16
25,29 24,75 24,88 24,77 22,3 16,25
25,25 24,73 24,86 24,77 22,3 16,5
25,2 24,72 24,83 24,75 22,28 16,75

25,19 24,71 24,82 24,74 22,29 17
25,15 24,7 24,79 24,72 22,27 17,25
25,1 24,67 24,78 24,69 22,26 17,5

25,07 24,67 24,77 24,69 22,26 18
25,02 24,63 24,73 24,67 22,22 18,25
25,01 24,65 24,73 24,65 22,2 18,5
24,98 24,63 24,72 24,65 22,21 18,75
24,95 24,62 24,7 24,63 22,18
24,93 24,61 24,69 24,6 22,19 19
24,9 24,59 24,68 24,6 22,2 19,25

24,87 24,58 24,66 24,58 22,17 19,5
24,88 24,58 24,65 24,57 22,18 19,75
24,84 24,56 24,63 24,57 22,17 20
24,81 24,55 24,62 24,55 22,15 20,25
24,77 24,54 24,6 24,53 22,14 20,5
24,79 24,55 24,62 24,54 22,17 20,75
24,76 24,54 24,6 24,52 22,17 21
24,74 24,53 24,58 24,52 22,16 21,25
24,75 24,53 24,58 24,52 22,16 21,5
24,74 24,52 24,57 24,51 22,15 21,75
24,68 24,49 24,57 24,5 22,13 22
24,7 24,53 24,56 24,5 22,13 22,25

24,69 24,52 24,58 24,52 22,13 22,5
24,67 24,52 24,55 24,51 22,13 22,75
24,66 24,52 24,55 24,49 22,12 23



-106-

24,64 24,49 24,54 24,47 22,1 23,25
24,66 24,51 24,55 24,5 22,13 23,5

Liquid cooling test data

Cell4-Batt1 Cell1-Batt1 Cell2-Batt1 Cell3-Batt1 Cell5-Batt1 Cell6-Batt1 Cell1-Batt2
2011-10-22 16:36 22,71 22,43 22,67 22,67 22,71 22,67 22,31
2011-10-22 16:51 22,72 22,56 22,74 22,71 22,73 22,69 22,34
2011-10-22 17:06 22,78 22,76 22,79 22,75 22,79 22,76 22,45
2011-10-22 17:21 22,84 22,82 22,83 22,83 22,84 22,84 22,57
2011-10-22 17:36 23,14 23,16 23,13 23,11 23,15 23,17 22,84
2011-10-22 17:51 23,16 23,17 23,15 23,12 23,15 23,18 22,87
2011-10-22 18:06 23,31 23,31 23,29 23,23 23,29 23,31 23,04
2011-10-22 18:21 23,72 23,86 23,89 23,8 23,74 23,92 23,51
2011-10-22 18:36 24,41 24,58 24,69 24,57 24,48 24,85 24,23
2011-10-22 18:51 26,09 26,8 26,5 26,24 26,11 26,94 25,85
2011-10-22 19:06 26,98 27,79 27,42 27,09 26,99 27,67 26,62
2011-10-22 19:21 28,24 28,95 28,6 28,25 28,19 28,81 27,62
2011-10-22 19:36 29,67 30,29 29,95 29,59 29,58 30,06 28,64
2011-10-22 19:51 31,12 31,65 31,3 30,97 31 31,3 29,65
2011-10-22 20:06 32,56 32,98 32,64 32,35 32,39 32,52 30,64
2011-10-22 20:21 33,55 33,85 33,57 33,34 33,45 33,4 31,34
2011-10-22 20:36 33,89 34,07 33,9 33,74 33,85 33,66 31,43
2011-10-22 20:51 33,92 33,96 33,91 33,81 33,94 33,57 31,19
2011-10-22 21:06 33,81 33,68 33,76 33,7 33,85 33,37 30,77
2011-10-22 21:21 33,68 33,41 33,6 33,59 33,76 33,14 30,28
2011-10-22 21:36 33,52 33,12 33,4 33,44 33,6 32,87 29,79
2011-10-22 21:51 33,31 32,81 33,17 33,25 33,42 32,59 29,3
2011-10-22 22:06 33,07 32,47 32,88 33,02 33,18 32,28 28,79
2011-10-22 22:21 32,81 32,14 32,6 32,77 32,92 31,97 28,29
2011-10-22 22:36 32,51 31,77 32,26 32,5 32,66 31,65 27,8
2011-10-22 22:51 32,31 31,49 32 32,28 32,43 31,38 27,37
2011-10-22 23:06 32,07 31,21 31,74 32,02 32,19 31,12 27,03
2011-10-22 23:21 31,77 30,9 31,44 31,76 31,88 30,8 26,68
2011-10-22 23:36 31,48 30,59 31,13 31,48 31,58 30,49 26,39
2011-10-22 23:51 31,17 30,28 30,82 31,17 31,27 30,2 26,12
2011-10-23 00:06 30,91 29,98 30,54 30,9 30,98 29,91 25,88
2011-10-23 00:21 30,67 29,75 30,29 30,67 30,75 29,68 25,7
2011-10-23 00:36 30,45 29,52 30,06 30,43 30,5 29,46 25,55
2011-10-23 00:51 30,23 29,31 29,83 30,22 30,3 29,26 25,4
2011-10-23 01:06 30,02 29,12 29,64 30,03 30,08 29,07 25,32
2011-10-23 01:21 29,79 28,92 29,4 29,79 29,84 28,84 25,16
2011-10-23 01:36 29,61 28,75 29,23 29,61 29,66 28,68 25,09
2011-10-23 01:51 29,41 28,56 29,04 29,39 29,44 28,51 25,01
2011-10-23 02:06 29,23 28,41 28,84 29,23 29,24 28,34 24,92
2011-10-23 02:21 29,03 28,23 28,66 29,02 29,06 28,19 24,83
2011-10-23 02:36 28,84 28,06 28,48 28,84 28,85 28,01 24,76
2011-10-23 02:51 28,63 27,88 28,27 28,62 28,63 27,82 24,66
2011-10-23 03:06 28,43 27,71 28,09 28,44 28,42 27,66 24,57
2011-10-23 03:21 28,22 27,52 27,9 28,22 28,22 27,46 24,45
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2011-10-23 03:36 28,02 27,35 27,69 28 28,02 27,3 24,35
2011-10-23 03:51 27,86 27,22 27,55 27,86 27,85 27,15 24,26
2011-10-23 04:06 27,68 27,06 27,39 27,68 27,67 27,02 24,19
2011-10-23 04:21 27,52 26,91 27,21 27,49 27,49 26,85 24,09
2011-10-23 04:36 27,36 26,8 27,08 27,34 27,34 26,72 24,03
2011-10-23 04:51 27,21 26,66 26,95 27,19 27,2 26,62 23,96
2011-10-23 05:06 27,08 26,55 26,82 27,07 27,07 26,51 23,9
2011-10-23 05:21 26,95 26,46 26,7 26,96 26,94 26,4 23,86
2011-10-23 05:36 26,83 26,35 26,59 26,83 26,81 26,31 23,8
2011-10-23 05:51 26,71 26,26 26,48 26,7 26,71 26,19 23,73
2011-10-23 06:06 26,59 26,14 26,37 26,57 26,56 26,11 23,67
2011-10-23 06:21 26,5 26,08 26,29 26,48 26,46 26,02 23,64
2011-10-23 06:36 26,41 26,01 26,22 26,39 26,39 25,97 23,61
2011-10-23 06:51 26,31 25,92 26,11 26,29 26,29 25,87 23,57
2011-10-23 07:06 26,22 25,85 26,02 26,19 26,2 25,8 23,55
2011-10-23 07:21 26,15 25,81 25,97 26,14 26,13 25,76 23,52
2011-10-23 07:36 26,07 25,73 25,91 26,06 26,04 25,7 23,5
2011-10-23 07:51 26 25,69 25,85 25,99 25,97 25,64 23,46
2011-10-23 08:06 25,93 25,64 25,77 25,92 25,92 25,6 23,45
2011-10-23 08:21 25,86 25,57 25,72 25,85 25,83 25,53 23,43
2011-10-23 08:36 25,79 25,52 25,65 25,77 25,77 25,48 23,4
2011-10-23 08:51 25,74 25,48 25,6 25,72 25,71 25,43 23,39
2011-10-23 09:06 25,67 25,42 25,55 25,67 25,64 25,37 23,37
2011-10-23 09:21 25,65 25,4 25,52 25,62 25,61 25,36 23,36
2011-10-23 09:36 25,58 25,35 25,46 25,56 25,55 25,3 23,33
2011-10-23 09:51 25,54 25,31 25,43 25,52 25,52 25,29 23,33
2011-10-23 10:06 25,48 25,25 25,36 25,46 25,46 25,25 23,3
2011-10-23 10:21 25,44 25,22 25,32 25,41 25,4 25,22 23,27
2011-10-23 10:36 25,4 25,2 25,29 25,37 25,38 25,2 23,26
2011-10-23 10:51 25,36 25,18 25,27 25,35 25,34 25,17 23,28
2011-10-23 11:06 25,36 25,19 25,27 25,35 25,34 25,18 23,3
2011-10-23 11:21 25,33 25,18 25,25 25,3 25,31 25,15 23,3
2011-10-23 11:36 25,31 25,16 25,23 25,28 25,28 25,13 23,3
2011-10-23 11:51 25,27 25,13 25,2 25,26 25,26 25,12 23,29
2011-10-23 12:06 25,25 25,14 25,2 25,25 25,23 25,12 23,28
2011-10-23 12:21 25,22 25,11 25,17 25,2 25,19 25,08 23,27
2011-10-23 12:36 25,2 25,1 25,15 25,19 25,18 25,07 23,28
2011-10-23 12:51 25,16 25,08 25,13 25,16 25,14 25,05 23,27
2011-10-23 13:06 25,14 25,04 25,09 25,14 25,13 25,05 23,25
2011-10-23 13:21 25,14 25,04 25,08 25,12 25,11 25,04 23,23
2011-10-23 13:36 25,11 25,01 25,05 25,09 25,09 25,02 23,23
2011-10-23 13:51 25,11 25,01 25,07 25,09 25,1 25,04 23,25
2011-10-23 14:06 25,14 25,04 25,09 25,11 25,11 25,06 23,29
2011-10-23 14:21 25,16 25,07 25,1 25,13 25,13 25,08 23,32
2011-10-23 14:36 25,18 25,09 25,11 25,14 25,14 25,11 23,37
2011-10-23 14:51 25,18 25,11 25,16 25,17 25,15 25,14 23,4
2011-10-23 15:06 25,21 25,16 25,17 25,18 25,17 25,16 23,42
2011-10-23 15:21 25,21 25,18 25,19 25,2 25,18 25,18 23,45
2011-10-23 15:36 25,22 25,2 25,2 25,2 25,2 25,2 23,47
2011-10-23 15:51 25,2 25,22 25,21 25,21 25,18 25,21 23,47
2011-10-23 16:06 25,22 25,2 25,19 25,19 25,19 25,19 23,44
2011-10-23 16:21 25,19 25,17 25,18 25,19 25,16 25,2 23,44
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Cell2-Batt2 Cell3-Batt2 cell4-Batt2 Cell5-Batt2 Cell6-Batt2 Front-Upper Air Flow Temp
22,41 22,48 22,47 22,43 22,53 20,2 22,01
22,47 22,54 22,53 22,45 22,57 20,2 22,05
22,57 22,61 22,57 22,5 22,61 20,2 22,08
22,61 22,66 22,61 22,6 22,63 20,2 22,16
22,86 22,94 22,87 22,84 22,89 20,4 20,89
22,89 22,98 22,89 22,87 22,91 20,42 20,89
23,07 23,14 23,07 23,04 23,09 20,47 21
23,41 23,66 23,44 23,37 23,4 20,77 21,81
24,07 24,36 24,16 24,14 24,12 18,74 22,87
25,49 25,42 25,58 25,69 26,11 18,35 23,62
26,39 25,94 26,27 26,41 26,77 17,31 23,57
27,39 26,91 27,07 27,09 27,46 17,05 23,38
28,44 27,94 27,98 27,93 28,3 16,99 23,36
29,5 28,96 28,93 28,86 29,21 17,03 23,42

30,58 29,99 29,87 29,78 30,17 17,08 23,5
31,32 30,77 30,51 30,45 30,69 17,1 23,59
31,35 31,02 30,5 30,44 30,5 17,06 23,64
31,02 30,89 30,13 30,09 29,99 16,56 23,6
30,52 30,56 29,59 29,6 29,38 16,62 23,53
30,02 30,17 29,07 29,11 28,8 16,84 23,49
29,52 29,75 28,55 28,6 28,24 16,66 23,45

29 29,28 28,05 28,1 27,72 16,55 23,42
28,45 28,79 27,54 27,61 27,2 16,42 23,39
27,95 28,32 27,04 27,12 26,72 19,32 23,37
27,5 27,78 26,67 26,78 26,38 20,62 23,29

27,18 27,34 26,47 26,59 26,26 21,08 23,22
26,93 26,98 26,31 26,44 26,17 21,42 23,15
26,67 26,61 26,15 26,29 26,01 21,54 23,06
26,44 26,3 25,99 26,14 25,9 21,61 22,99
26,22 26,01 25,82 25,97 25,74 21,59 22,91
26,01 25,79 25,67 25,83 25,6 21,58 22,83
25,88 25,61 25,55 25,72 25,51 21,55 22,77
25,73 25,47 25,46 25,59 25,41 21,5 22,72
25,59 25,32 25,36 25,48 25,32 21,42 22,65
25,49 25,24 25,28 25,4 25,23 21,41 22,6
25,36 25,11 25,16 25,27 25,12 21,32 22,51
25,29 25,03 25,11 25,22 25,06 21,29 22,48
25,19 24,93 25,02 25,13 24,97 21,24 22,44
25,08 24,87 24,94 25,03 24,88 21,17 22,44

25 24,8 24,89 24,95 24,82 21,15 22,43
24,92 24,7 24,78 24,88 24,75 21,1 22,4
24,8 24,6 24,67 24,75 24,65 21,02 22,34
24,7 24,51 24,57 24,66 24,53 21 22,31

24,57 24,4 24,48 24,54 24,42 20,96 22,27
24,47 24,29 24,37 24,43 24,34 20,89 22,21
24,39 24,22 24,29 24,35 24,26 20,88 22,2
24,28 24,13 24,22 24,26 24,18 20,86 22,21
24,2 24,04 24,12 24,15 24,06 20,8 22,15

24,12 23,97 24,05 24,07 24,01 20,74 22,15
24,04 23,92 23,97 24,01 23,95 20,71 22,15

24 23,87 23,93 23,98 23,91 20,69 22,13
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23,93 23,83 23,89 23,91 23,85 20,67 22,13
23,88 23,76 23,82 23,84 23,79 20,64 22,1
23,82 23,72 23,77 23,8 23,74 20,61 22,04
23,77 23,67 23,72 23,73 23,67 20,57 22,03
23,73 23,63 23,68 23,69 23,64 20,55 22,03
23,7 23,6 23,64 23,66 23,61 20,55 22,01

23,64 23,55 23,6 23,61 23,55 20,5 22
23,59 23,52 23,57 23,57 23,54 20,47 21,99
23,58 23,53 23,54 23,56 23,53 20,49 22
23,54 23,5 23,52 23,52 23,49 20,45 21,98
23,53 23,47 23,49 23,5 23,46 20,44 21,96
23,51 23,46 23,47 23,48 23,46 20,44 21,96
23,47 23,43 23,45 23,44 23,42 20,39 21,91
23,45 23,41 23,43 23,42 23,4 20,38 21,92
23,44 23,41 23,4 23,41 23,37 20,37 21,89
23,4 23,38 23,39 23,38 23,35 20,34 21,9

23,38 23,39 23,37 23,37 23,35 20,36 21,92
23,37 23,36 23,36 23,34 23,33 20,33 21,89
23,36 23,36 23,35 23,34 23,32 20,35 21,9
23,33 23,34 23,33 23,31 23,29 20,38 21,89
23,31 23,33 23,32 23,31 23,29 20,38 21,93
23,32 23,33 23,33 23,29 23,29 20,39 21,99
23,31 23,35 23,33 23,3 23,29 20,36 21,98
23,33 23,37 23,35 23,32 23,3 20,38 22,04
23,33 23,36 23,32 23,31 23,3 20,38 22,01
23,32 23,37 23,31 23,3 23,28 20,35 22,02
23,31 23,34 23,32 23,31 23,28 20,36 22,01
23,32 23,35 23,32 23,3 23,29 20,36 22,02
23,29 23,33 23,29 23,29 23,27 20,34 21,98
23,3 23,35 23,29 23,28 23,26 20,37 21,97

23,29 23,31 23,28 23,27 23,26 20,34 21,96
23,28 23,32 23,28 23,26 23,25 20,39 22,01
23,26 23,32 23,27 23,26 23,25 20,42 22,08
23,25 23,33 23,26 23,25 23,24 20,45 22,18
23,27 23,38 23,3 23,27 23,26 20,52 22,28
23,3 23,43 23,34 23,3 23,29 20,54 22,36

23,34 23,44 23,36 23,32 23,34 20,59 22,45
23,38 23,48 23,39 23,35 23,37 20,61 22,52
23,39 23,52 23,42 23,39 23,39 20,64 22,58
23,42 23,55 23,45 23,43 23,42 20,65 22,6
23,46 23,55 23,46 23,42 23,43 20,62 22,56
23,45 23,56 23,48 23,44 23,46 20,6 22,52
23,45 23,54 23,47 23,43 23,47 20,6 22,51
23,44 23,52 23,47 23,44 23,45 20,56 22,43
23,43 23,51 23,45 23,41 23,42 20,55 22,39
23,41 23,49 23,43 23,4 23,42 20,52 22,31
23,43 23,49 23,45 23,41 23,4 20,51 22,27
23,43 23,49 23,45 23,41 23,4 20,51 22,27

Negative Pole temp Positive Pole temp Battery-side Cold Plate side Water exit Cold plate exit
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22,64 22,76 22,6 21 16,38 15,98
22,67 22,81 22,6 21 16,4 15,99
22,76 22,85 22,6 21 16,41 16,01
22,81 22,91 22,6 21 16,44 16,02
23,44 23,24 25,56 22 16,54 16,08
23,44 23,25 24,33 22 16,32 16,16
23,55 23,38 23,62 22 16,54 16,22
25,22 24,23 23,67 22 16,36 16,32
26,12 25,33 24,05 22 16,43 16,56
26,6 26,33 24,31 22 16,4 16,7

26,06 31,58 24,73 21 16,57 16,8
26,43 31,72 25,03 21 16,38 16,57
26,92 32,82 25,54 21 16,22 16,46
27,31 33,03 25,99 21 16,19 16,57
27,79 32,29 26,53 21 16,23 16,57
27,93 29,43 26,98 21 16,09 16,48
27,85 27,97 27,09 21 15,78 16,41
27,62 27,06 27,18 21 15,87 17,26
27,38 26,53 27,06 21 15,68 16,84
27,13 26,12 26,92 21 15,77 16,49
26,89 25,73 26,8 21 15,83 16,52
26,62 25,41 26,59 21 15,67 16,37
26,36 25,06 26,31 21 15,58 16,2
26,09 24,92 26,04 23 17,47 18,74
25,81 24,59 25,83 24 17,7 19,81
25,62 24,67 25,63 24 17,93 20,17
25,47 24,71 25,48 25 18,11 20,4
25,29 24,67 25,32 25 18,22 20,46
25,13 24,64 25,14 25 18,32 20,51
24,99 24,58 24,95 25 18,34 20,53
24,87 24,52 24,83 25 18,4 20,55
24,78 24,51 24,74 25 18,46 20,52
24,72 24,47 24,67 25 18,44 20,5
24,66 24,46 24,57 25 18,49 20,48
24,64 24,46 24,56 25 18,52 20,46
24,59 24,42 24,49 25 18,53 20,43
24,58 24,43 24,5 25 18,59 20,44
24,59 24,39 24,52 25 18,64 20,3
24,6 24,4 24,51 25 18,67 20,25

24,58 24,4 24,48 25 18,68 20,33
24,5 24,34 24,37 24 18,67 20,35
24,4 24,28 24,27 24 18,67 20,27

24,32 24,23 24,2 24 18,66 20,28
24,23 24,14 24,09 24 18,68 20,22
24,15 24,07 24,05 24 18,68 20,2
24,13 24,02 23,99 24 18,69 20,22
24,08 23,97 23,97 24 18,77 20,19
24,02 23,93 23,92 24 18,74 20,05
24,01 23,91 23,89 24 18,76 20,02
23,99 23,87 23,85 24 18,76 20,02
23,94 23,85 23,82 24 18,71 20,08
23,88 23,8 23,76 24 18,74 20,09
23,82 23,75 23,72 24 18,76 20,05
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23,79 23,73 23,7 24 18,77 20,02
23,75 23,67 23,66 24 18,77 20
23,73 23,66 23,64 24 18,78 19,99
23,75 23,67 23,68 24 18,73 19,92
23,74 23,67 23,64 24 18,73 19,88
23,73 23,63 23,63 24 18,73 19,89
23,72 23,65 23,63 24 18,74 19,9
23,69 23,61 23,59 24 18,75 19,91
23,66 23,59 23,56 24 18,79 19,91
23,65 23,58 23,59 24 18,78 19,92
23,62 23,57 23,54 24 18,8 19,88
23,64 23,55 23,54 23 18,74 19,83
23,63 23,57 23,55 23 18,75 19,84
23,63 23,56 23,53 23 18,72 19,82
23,66 23,55 23,55 23 18,74 19,83
23,62 23,53 23,52 23 18,8 19,84
23,61 23,55 23,55 23 18,76 19,86
23,6 23,57 23,6 23 18,78 19,86

23,65 23,63 23,62 23 18,69 19,87
23,67 23,65 23,61 23 18,67 19,86
23,68 23,66 23,61 23 18,64 19,84
23,7 23,69 23,63 24 18,62 19,85
23,7 23,69 23,61 24 18,61 19,82

23,69 23,67 23,59 23 18,63 19,81
23,69 23,66 23,59 23 18,59 19,81
23,69 23,66 23,58 23 18,63 19,82
23,64 23,64 23,57 23 18,62 19,8
23,64 23,62 23,56 23 18,62 19,82
23,65 23,61 23,59 23 18,65 19,82
23,7 23,68 23,75 23 18,7 19,87

23,78 23,75 23,89 24 18,73 19,92
23,84 23,81 23,94 24 18,71 19,93
23,91 23,9 24,01 24 18,75 20
23,99 23,98 24,05 24 18,76 20,03
24,05 24,03 24,12 24 18,77 20,07
24,12 24,08 24,12 24 18,82 20,08
24,14 24,12 24,1 24 18,82 20,08
24,13 24,12 24,07 24 18,86 20,08
24,1 24,1 24,02 24 18,82 20,05

24,06 24,05 23,97 24 18,83 20,01
24,02 24 23,92 24 18,82 20
23,99 23,98 23,88 24 18,8 19,99
23,94 23,94 23,84 24 18,8 20
23,89 23,87 23,79 24 18,81 19,99
23,86 23,83 23,75 24 18,78 19,97
23,86 23,83 23,75 24 18,78 19,97


