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Abstract: The safety requirements in vehicles continuously increase due to more automated functions
using electronic components. Besides the reliability of the components themselves, a reliable power
supply is crucial for a safe overall system. Different architectures for a safe power supply consider
the lead battery as a backup solution for safety-critical applications. Various ageing mechanisms
influence the performance of the battery and have an impact on its reliability. In order to qualify
the battery with its specific failure modes for use in safety-critical applications, it is necessary to
prove this reliability by failure rates. Previous investigations determine the fixed failure rates of lead
batteries using data from teardown analyses to identify the battery failure modes but did not include
the lifetime of these batteries examined. Alternatively, lifetime values of battery replacements in
workshops without knowing the reason for failure were used to determine the overall time-dependent
failure rate. This study presents a method for determining reliability models of lead batteries by
investigating individual failure modes. Since batteries are subject to ageing, the analysis of lifetime
values of different failure modes results in time-dependent failure rates of different magnitudes. The
failure rates of the individual failure modes develop with different shapes over time, which allows
their ageing behaviour to be evaluated.

Keywords: lead batteries; safety concept; safety battery; battery monitoring; electronic battery sensor;
failure modes; failure distribution; failure rates; field battery investigation; safe supply; power
supply system

1. Introduction

The change in individual mobility is particularly evident in the electrification and
automation of vehicles. The electrification of the powertrain leads to an increase in the
weight of the vehicles. In addition to automation functions, this leads to higher safety
requirements especially for electric braking and steering power assistance. Apart from
these essential safety-relevant consumers steering (e.g., steer-by-wire) and braking (e.g.,
brake-by-wire), automated driving functions require sensors and actuators for position
and environment detection as well as for control [1]. These components are supplied via
the 12 V on-board power supply system (also known as powernet) of the vehicle and need
a safe power supply to ensure a safe operation.

Therefore, knowing the failure behaviour and failure rates of the components and
the power supply is crucial for the overall safety concept of the power supply system
and the vehicle itself. Dominguez-Garcia et al. have already dealt with this increasing
problem of safety-relevant consumers and their power supply in [2] by designing safe
power supply system topologies. Subsequently, Kurita et al. also addressed the design of
on-board power supply systems in [3] and placed the focus on the importance for future
driving applications, which supports the actuality of the topic.

In such on-board power supply systems, the power supply is provided during normal
operation by the alternator or DCDC converter in hybrid or electric vehicles. In addition,
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the 12 V battery is a main component of the power supply system and, besides buffering
peak loads and supplying the vehicle with standby power, e.g., when parking, it also acts
as a backup power supply. This backup function of the 12 V battery in the on-board power
supply system is now becoming very important and the search for a safe power supply at
the 12 V level with proof of reliability must be conducted.

Modern vehicle architectures consist to a large extent of electrical and/or electronic
(E/E) systems. These systems are crucial for the safe operation of the vehicle and must
therefore meet functional safety standards. The vehicle power supply system, as an oblig-
atory component for safe operation, must therefore be developed according to the ISO
26262 standard [4,5]. Batteries are not in the scope of the ISO 26262 standard although the
battery is a main component of the power supply system and its failure rates need to be
included. In contrast to electrical components with constant failure rates, electrochemical
components such as batteries are subject to ageing and thus do not have constant failure
rates over time. Nevertheless, this failure behaviour and the resulting increasing failure
rates must be included in the functional safety concept. Therefore, a method for determin-
ing battery failure rates must be established and checked for plausibility with the failure
mechanisms investigated.

The lead battery can be part of a safe power supply system architecture if its ageing
mechanisms and faults are manageable. In an early stage Albers et al. identified in [6] the
necessity for further investigations of batteries in the context of functional safety require-
ments in the changing environment of vehicles with new functions. Proving reliability
is difficult for electrochemical components such as the lead battery due to their ageing
behaviour over time. Previous investigations on the reliability of the lead battery, such as
those carried out by Albers et al. in [7], examined the batteries by tear down analysis to
obtain a probability distribution of the failures that occurred. With the failure distribution,
they were able to calculate fixed failure rates for the lead battery by using the corresponding
ADAC failure statistics [8]. However, the ageing behaviour and thus the failure rate of
electrochemical elements such as the lead battery does not follow the bathtub curve like
electronic components, which are dominated by random failures in terms of time. The
ageing process of electrochemical components starts with first use and batteries can be
considered as wear out components. This means that the ageing behaviour behaves like
the third area of the bathtub curve with increasing failure rate and therefore a fixed failure
rate is less appropriate for wear out components.

In [9], Mürken et al. chose the approach of using workshop data on the battery ex-
change of the vehicle battery and its lifetime values. With the help of the individual lifetime
values, it was possible to determine an ageing model based on a Weibull distribution for the
failure of the battery. This made it possible to calculate the reliability of the overall battery
over time and thus time-dependent failure rates. A consideration of the different failure
modes and thus corresponding failure rates could not be investigated in this study due to
lack of knowledge about the occured failure mechanisms. Furthermore, many batteries
are replaced without faults and thus these functioning batteries are included in the failure
rates in this approach.

Varying ageing mechanisms lead to different ageing behaviour; this was already
recognised by Kumar et al. in [10]. It was shown that lifetime estimates of batteries are
possible with Weibull analyses and that the Weibull parameters determined differ for
varying failure mechanisms. Thus, an assignment of the failure mechanisms to the gradual
faults or the sudden faults was possible. However, it remains open how the failure rate for
certain failure modes develops over time and whether this is plausible with the knowledge
of the ageing mechanism.

Since recent studies by the ADAC in [11] again show that the battery is responsible
for a large number of vehicle failures as well as increasing safety requirements for future
driving applications, it is important to include specific battery failure rates. Therefore, this
article presents a method to calculate time-dependent failure rates of different investigated
battery failures to get a better understanding of the progressing of ageing mechanisms.
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For this purpose, the knowledge about the dominant failure mechanism is required in
addition to the lifetime values of the failed batteries. With the knowledge gained about
the development of the failure mechanisms over time, the diagnostic mechanisms of the
electric battery sensor can be prioritised and further developments can be made to ensure
a safe power supply from the battery.

The main focus of this study is on the methodology for determining time-dependent
failure rates and not on absolute values of the failure rates. The reason for that is the data
available so far from 12 V lead batteries come from conventional combustion vehicles and
were partly operated without any energy management and therefore do not cover the future
application of a safety battery in backup operation at all. The failure criterion in previous
studies is the ability to start the vehicle by providing the high starting current, whereas the
requirement for a safety battery is the safe supply in the event of a safe stop scenario. For
future investigations, the current profile required in a safe stop scenario would therefore be
more suitable as a failure criterion. Nevertheless, in order to present the methodology with
real field data, the collected field data of the Battery Council International (BCI) are used,
which, however, come from such conventional vehicles. The BCI publishes a Report on
Battery Failure Modes every five years; the most recent one from 2020 [12] is only available
for purchase, which is why the methodology in this paper is shown using the example of
the study from 2015 [13].

This study begins with an introduction to the methodology for determining time-
dependent failure rates for different failure modes based on field data. Subsequently,
a database is presented to demonstrate the methodology. Finally, the results of time-
dependent failure rates are presented in normalised format and then discussed.

2. Methodology

This section presents the methodology for determining time-dependent failure rates
of different failure modes using field data. For this purpose, the lifetime distribution is
presented, which can be used to represent the field data. In order to be able to examine
different failure modes in relation to each other, censoring methods are introduced and
bias correction is applied due to limited sample sizes in some cases. Finally, the derivation
of the failure rate from the obtained parameters is presented, which can then be used to
calculate the time-dependent failure rates.

2.1. Lifetime Distribution

The raw data of lifetime values are the basis for lifetime analyses. For statistical esti-
mations, these empirical data need to be represented by functions. The failure probability
F(t) can represent such empirical lifetime values in a continuous matter. There are different
types of lifetime distributions to properly represent various failure behaviours. A widely
used distribution function that can be adapted to a large variety of shapes is the Weibull
distribution. The Weibull distribution as the 2-parametric version has a shape parameter
b and a scale parameter T to vary its behavior. The distribution also has the statistical
variable t, which is in this case the lifetime value [14,15].

The failure probability F(t) of the 2-parametric Weibull distribution is given by:

F(t) = 1 − e
−
(

t
T

)b

(1)

The derivative of the failure probability F(t) of the 2-parametric Weibull is the proba-
bility density function f(t):

f (t) =
b
T
·
(

t
T

)b−1
· e

−
( t

T

)b

(2)
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Both the shape parameter b and the scale parameter T have to be estimated so that the
Weibull distribution represents the collected lifetime values well. A widely used robust
analysis method is the maximum likelihood estimation (MLE). The likelihood function is
maximised to find the most likely values of the distribution parameters for a given data set.
The logarithmic likelihood function, which is easier to maximize, is based on the probability
density function f (t) for a chosen lifetime distribution, in this case the 2-parametric Weibull
distribution from Equation (2) with the parameters b and T to be estimated:

Λ = ln L =
n

∑
i=1

ln f (ti; b, T) (3)

Subsequently, the values for the parameters must be found, which result in the highest
value for this function. The partial derivatives of the likelihood function are set equal to
zero for each parameter:

∂Λ
∂b

= 0 &
∂Λ
∂T

= 0 (4)

These determined Weibull parameters represent the lifetime behaviour for the given
data set [16].

In a previous work, Mürken et al. already investigated the failure behaviour of the
entire battery based on workshop data on battery replacement. In this approach, however,
there was no information about the reason for the failure and consequently aged batteries
in a still functional state were also included [9].

The approach presented in this paper allows individual failure modes to be investigated
separately but in relation to the entire sample. For this purpose, a methodology is presented to
determine ageing models for individual ageing mechanisms from individual lifetime values
of batteries, which are verified with the knowledge of the ageing mechanisms.

In order to perform separate Weibull analyses for different failure modes, the data
must be censored with respect to the different failure modes. Furthermore, the approach
is shown on a data set that shows the details of the individual failure modes only for a
certain period of time, so additional censoring with respect to time must be applied. These
adjustments are explained in the following section.

2.2. Censoring Data

This approach is shown with lifetime values of batteries with different failure modes;
therefore, censoring according to the investigated failure modes is necessary. This censoring
according to individual failure modes is shown in Table 1; the Failure mode A, B as well
as Functional are listed next to the lifetime values in hours. The “1” indicates which
lifetime values are to be assigned to the failure mode and accordingly the “0” indicates
which lifetime values are censored for the specific reliability analysis. This approach
is shown on lifetime values based on the BCI Report on Battery Failure Modes 2015 in
which the breakdown into individual failure modes covers only a period up to 4 years,
although the entire sample contains batteries that survived beyond these 4 years up to
12 years. Therefore, the BCI study, used to present this approach, is considered to be a
study performed over a certain period of time, in this case for 4 years, and the batteries
that survive this period are censored. Thus a censoring according to time has to be
applied, which is known as a right censoring of type 1. The censoring according to time
is applied for lifetime values from 4 years onwards, thus all remaining lifetime values
of the batteries that survived longer than these 4 years are assigned a lifetime value of
tcensored = 4 years = 35,040 h as shown in Table 1.
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Table 1. Example of a table to censor data according to the failure mode and time.

Lifetime [h] Failure Mode A Failure Mode B Functional

10,000 1 0 0
20,000 1 0 0
15,000 0 1 0
25,000 0 1 0
5000 0 0 1

15,000 0 0 1
35,040 0 0 0
35,040 0 0 0
35,040 0 0 0

With both censoring methods the Table 1 is an example of a censoring table as used
for reliability analysis and ageing model building in this work.

The censoring of the data with regard to different failure modes may result in only
a small sample number for rarely occurring failure mechanisms. For such small subsam-
ples, the accuracy of the Weibull distribution fitting suffers and the Weibull parameters
determined in the reliability analysis are overestimated. To avoid this, a bias correction is
applied to the reliability analyses carried out in this work. The unbiased shape parameter
bu is obtained by multiplying the shape parameter b determined by MLE with the bias
correction factor U:

bu = b · U (5)

Since multiple failure modes are investigated, censored data are examined; the bias
correction factor U according to Zhang et al. [17] is given by:

U =
1

1 +
1.37

r − 1.92

√
N
r

(6)

The calculated bias correction factor U varies with the number of failures considered r
and the total sample size N. If a bias correction is carried out, first the biased shape parame-
ter b determined in Equation (4) is unbiased by Equation (5). Then the corresponding scale
parameter T is calculated using Equation (4). According to Tevetoglu et al. this provides
valid results for reliability analysis even for small sample sizes and recommends the use of
bias correction methods [18]. However, even with larger samples it is advisable to apply a
bias correction to increase accuracy [19].

The techniques presented in this section can be used to determine characteristic
Weibull parameters for individual failure modes using the Weibull distribution from
Section 2.1. In Section 2.3, time-dependent failure rates can be calculated with these
determined shape parameters b and scale parameters T.

2.3. Derivation of Time-Dependet Failure Rates

Since Weibull analyses have been carried out and the specific shape parameters
b and scale parameter T have been determined, time-dependent failure rates can now
be calculated. With the probability density function f(t) in Equation (2) and the failure
probability F(t) in Equation (1) the failure rate λ(t) is obtained with Equation (7). By
using the determined shape parameters b and scale parameter T, the failure rate λ can
be calculated for different times t. This also applies to Weibull parameters, which were
determined using bias correction as described in Section 2.2.

λ(t) =
f (t)

1 − F(t)
=

b
T
·
(

t
T

)b−1
(7)
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In addition to the shape parameter b, the development of the failure rate over time
gives an indication of the ageing and failure behaviour due to different failure modes of
a component. In order to be able to show the presented methodology for batteries with
different failure modes, it is applied to lifetime values derived from the field investigations
of the BCI with the Report on Battery Failure Modes 2015. Therefore, in the following
Section 3, this database is presented and the individual failure modes are explained for a
better understanding in relation to the development of the failure rate over time.

3. Database of Lifetime Values

The presented methodology in Section 2 requires a suitable database to prove its
validity. The Battery Council International presented a field investigation of lead batteries
in Report on Battery Failure Modes in 2015 [13]. This study is used to prove the presented
approach from Section 2 with real battery data and thus the applicability to electrochemical
elements and their different ageing mechanisms. Therefore, the database and the major
battery failure modes are presented in this section.

3.1. Field Data of Batteries

The BCI collected a total sample of 1454 batteries from different locations in the USA
and presented the results in [13]. The batteries were collected within five months between
August and December 2014 and analysed using a teardown analysis to find the dominant
failure mode that led to the battery failure. Although several ageing mechanisms can occur
in parallel and in total can affect the performance of the battery, there is one failure mode
that is most pronounced and has thus been identified as the dominant failure mode for this
battery failure. If this dominant ageing mechanism did not occur to the same extent, the
battery would possibly still be functional at this time.

The sample reflects the different influences of temperature on batteries because of the
different climatic conditions of the sample locations. Due to the large climatic differences
in the USA between the North and the South, the sample can be divided into North and
South accordingly. In the North with lower mean temperatures 857 batteries were collected;
in the South with higher mean temperatures 597 batteries were collected.

In addition to climatic differences due to the locations where the batteries were
collected, the sample contains batteries of varying quality and from a wide variety of cars.
With an age of up to 12 years, the oldest batteries date back to 2002 and thus come from
vehicles that rarely had energy management or start-stop function. Furthermore, besides
the manufacturing quality of the batteries, nothing is known about the type, so the sample
contains few or no advanced lead batteries such as absorbent glass mat or enhanced flood
batteries but mainly older flood batteries.

Furthermore, the design of the batteries differs. For example, the sample includes
battery housings according to the European standard with a protective terminal niche [20].
However, this type of housing represents a maximum of about 20% of the sample, most bat-
teries are built according to the US standard or the Japanese Industrial Standards (JIS) [21].
This means that the majority of the batteries in the sample have a battery housing without
terminal niche and the battery terminals are exposed. This makes mechanical impacts
on the battery housing, e.g., during installation or removal or even during transportation
when stacked, much more critical. Due to improper handling, the battery terminals are
prone to mechanical damage. This can cause fractures between the battery terminal and
the cell, which partially or directly destroys the battery.

All in all the lead batteries investigated in this sample are no longer relevant for
today’s driving applications with high safety requirements. Since the operational demands
on the battery were different back then, energy management was rarely implemented and a
wide variety of qualities and types of lead batteries can be found in the sample. For future
driving applications, however, only high-quality lead batteries of the latest generation will
be used in combination with a powerful battery sensor and energy management.
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In addition to the failure probability F(t) for the total sample, those of the sample parts
North and South over a time period of 12 years are also published. In this study, the data
of the total sample is used for the evaluation, because it covers locations from all over the
USA. In combination with batteries surviving up to 12 years, this sample can be recognised
as a representative sample of lead batteries in the field in 2014. These batteries represent
the various stress levels, qualities and types used at that time. To perform the statistical
approach the graphs are digitised again and converted into individual lifetime values of
the batteries. The total sample used for this analysis is shown in Figure 1 as probability of
failure F(t) for all failure modes including exchanged but functional batteries in one curve.
The failure probability F(t) always starts for t = 0 with F(t=0) = 0% failed parts and always
results after t = n until all parts of the sample failed in F(t=n) = 100%.

0 2 4 6 8 10 12
Lifetime t [y]

0

10

20

30

40

50

60

70

80

90

100

P
ro

ba
bi

lit
y 

of
 fa

ilu
re

 F
(t

) 
[%

]

Figure 1. The total sample as a sum of all failures modes is shown in this graph for a time period of
12 years. On the left side the empirical probability of failure F(t) is shown [13].

Besides the failure probability F(t) of all failures modes as a sum, the failure probabil-
ities F(t) of the major five failure modes found by BCI while examining the batteries are
published as well. The probability of failures F(t) of each failure mode is separately pre-
sented for a time period of 4 years for the sample parts North and South by BCI. The failure
probabilities F(t) of these five failure modes are shown for the total sample in Figure 2.

Figure 2 shows the major failure modes. For a better differentiation of the individual
curves, they are mentioned in relation to the time of 4 years. Starting from the top, Service-
able, Short Circuit, Plates and Grids, Worn out and Abused and Open Circuit are displayed.

Both Figures 1 and 2 are based on single lifetime values derived from the Report on
Battery Failure Modes by BCI in 2015 [13]. In particular, the data of the five major failure
modes in Figure 2 are the basis to present the methodology for determining time-dependent
failure rates λ(t) in Section 2.

In order to discuss the time-dependent failure rates of the individual failure modes
in relation to their ageing behaviour, the five major failure modes are presented in the
following sections.
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Figure 2. The major five failure modes found by BCI are shown for the total sample. The individual
probability of failures F(t) is displayed for a time period of 4 years [13].

3.2. Failure Modes of Lead Batteries

Various ageing effects influence the performance of batteries and contribute to battery
failure. Ruetschi investigates the ageing mechanisms of lead batteries in [22], where more
detailed explanations of the failure modes mentioned in this section can also be found.
Brik et al. presented their causal relation structured in a fault tree in [23]. However, the
focus of this work is on the statistical consideration and the principle development of the
different failure modes. The field data with the failure modes presented by BCI in [13] are
only used to show the methodology. For safety applications, higher requirements apply
for the design of a safety concept. This also includes the 12 V battery as a safe power
supply. Therefore, suitable monitoring with energy management is a premise for safe
operation of the battery. However, this cannot be assumed for the BCI sample, and hence
this sample only serves to demonstrate the methodology. In addition to very old batteries,
this sample includes various technologies that were operated with different load scenarios,
that cannot be derived from the published data. However, the operation was rarely done
with a suitable energy management. Moreover, the failure criterion used for this sample
is the ability to start the vehicle. Nevertheless, this database is used to demonstrate the
methodology and for this purpose the failure modes are described again in this section.
These failure modes summarise different battery ageing mechanisms and can thus be
categorised as sudden faults and gradual faults. The sudden faults occur abruptly and
without notice and thus cannot be detected or predicted by diagnostic functions with a
battery sensor. The sudden faults lead to a complete loss of power. The gradual faults
refer to battery failures caused by ageing mechanisms and wearing out that occurs slowly
during use and can thus be detected by appropriate diagnostic functions [10,24].

3.3. Open Circuit

The failure mode Open Circuit can be caused by broken connections at various parts
of the battery. The electrical connection between the battery terminal and the connected
cell can break due to massive mechanical impact from outside the battery housing and
especially the battery terminals. As a result, the battery directly loses its full performance
capability. Since many battery housings do not have terminal niches and the battery
terminals are exposed, they are probably very prone to unintentional mechanical influences
from the outside. This can lead to more frequent occurrences of Open Circuit, whereas
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terminal niche may protect the battery terminal from careless handling and prevent frequent
Open Circuit. The individual cells of the lead battery are electrically contacted internally
via solid inter-cell connectors to connect the six individual cells to one battery. If one of
these inter-cell connectors between the cells breaks, there is also an Open Circuit. Finally,
within each of the six individual cells, there are connections from the positive and negative
electrodes to the respective inter-cell connector. These partial elements of the electrodes,
known as electrode lugs, can break as well and thus make this electrode inactive. However,
this means that only one part of a cell and thus one part of its capacity is no longer available;
the remaining electrodes and cells work as usual. Due to the failure of Open Circuit the
battery can lose its entire performance, as its circuit is interrupted. The Open Circuit
happens suddenly without prior indication and thus is not detectable. Consequently it is
allocated to the sudden faults and clearly defined by BCI with Open Circuit.

3.4. Plates and Grids

The failure mode Plates and Grids summarises ageing mechanisms that contribute to
the increase of the internal resistance. Besides the main ageing mechanism corrosion in
this category, this is to some extent also sulphation. Corrosion is favoured by a low acid
concentration in the electrolyte, i.e., at low states of charge. However, high charging voltage
and especially operation at high temperatures have a major influence. The general cycling
of the battery also leads to corrosion over time. Corrosion mainly affects the positive
electrode. In this case, corrosion leads to a reduction of the grid cross-section and thus
to less active area for electron transport between the active mass of the electrode and the
grid itself, and thus the grid resistance increases. With the decreasing grid cross-section,
the mechanical stability also decreases. If the battery is very corroded, even parts of the
active mass can lose contact with the grid and thereby no longer be reached and contribute
to the reaction. In extreme cases, this can also reduce the available capacity. Primarily,
however, corrosion leads to an increase in internal resistance. In addition to corrosion,
sulphation can contribute to an increase in internal resistance. Sulphation occurs when the
battery is frequently operated in states of partial charge and when the battery is rarely fully
charged. This operation sometimes also leads to the occurrence of acid stratification. In
addition to the operating conditions, high temperatures favour the formation of sulphation
on the one hand but also lead to good dissolution of fine sulphate crystals if the charging
voltage is sufficiently high. Low temperatures, on the other hand, have negative effects on
the charging ability and can lead to the already mentioned rare full charges and frequent
partial states of charge. In particular, the low states of charge lead to a higher solubility
of Pb2+ ions due to a lower acid concentration in the electrolyte, which form a sulphate
layer by recrystallisation to PbSO4. The sulphate layer develops on both electrodes during
discharge; as the pores of the negative electrode are larger, the sulphate crystals can become
much larger than on the positive electrode. The larger the sulphate crystals are, the more
difficult it is to dissolve them again by extensive full charging; during normal charging
processes in the vehicle, reversible dissolution of the fine sulphate crystals hardly takes
place. Due to the coarse sulphate crystal structure on the active electrode surface, this is
reduced and loses conductivity. The lower conductivity increases the internal resistance.
The binding of active material in the sulphate crystals reduces the available active mass
and leads to a lower acid density of the electrolyte. The lower acid density means that
very high maximum open-circuit voltages can no longer be achieved, thus limiting the
capacity from above. This influence is assigned to the next category Worn out and Abused as
well. Overall, the failure mode Plates and Grids with its ageing mechanisms corrosion and
sulphation is to be assigned to the gradual faults, as they can only arise through extensive
use over time.

3.5. Worn out and Abused

This failure mode covers the ageing mechanisms that lead to loss of capacity. The
capacity of the battery determines to a large extent how much electrical energy it can store.
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If it loses capacity, it may no longer be able to supply enough energy for an application.
This process thus has a decisive influence on the lifetime of a battery. The loss of capacity
is primarily influenced by loss of active mass and due to cycling and sulphation. The
sulphation has already been shortly explained in the previous Section 3.4, but decrease
is mainly due to the processes described in the following. During the normal use of the
battery, it is discharged and charged, that means cycled. This leads gradually to the wearing
out of the active mass, mainly at the positive electrode, which is decisive for the capacity.
This cycling stress is intensified by deep discharging or discharging with high currents,
because the mechanical stress for the active material is correspondingly higher. When
charging or discharging, parts of the electrode material are transformed and the volume
changes. If large rapid volume changes take place, parts of the active material can become
internally decontacted and thus can no longer contribute in the reaction. The porosity
and conductivity decreases, which mainly reduces the available capacity but also slightly
increases the internal resistance. In summary, cycling in particular contributes significantly
to the loss of capacity, as does sulphation to some extent. These processes only become
apparent when the battery is used or remains in a low state of charge and therefore Worn
out and Abused is allocated to gradual faults.

3.6. Short Circuit

The failure mode Short Circuit implies an additional electrical path between positive
and negative electrodes within a cell of the battery [25]. This additional connection has a
resistance that varies depending on the characteristics of the short circuit and can discharge
the cell at different rates. In addition to a changed open-circuit voltage, a short circuit can
be recognised by an increased overall resistance of the battery. In principle, there are four
possibilities for internal short circuits in lead batteries. Due to strong corrosion, the grid
can change considerably and grow together above the active electrode surface in the area
of the busbar. In addition, due to severe corrosion and accompanying change in volume of
the electrodes, the separator can be damaged, causing a connection between the positive
and negative electrodes. The mechanism of corrosion has already been explained in the
previous Section 3.4. On the other hand, deep discharge of the battery and operation out
of the specification can cause dendrites to grow, which can create a connection between
the electrodes. Similarly to sulphation, at low states of charge and accompanying low
acid density, the solubility of the lead increases and fine nonconductive dendrites of lead
sulphate can form. Frequent use of the battery outside the specification at very low states
of charge can cause the dendrites to grow and form fine filaments which can grow through
the separator. At higher states of charge, the nonconductive lead sulphate is reduced
to electrically conductive metallic lead, which can create an electrical connection. The
fine short-circuit thus develops slowly during use, as do the other ageing mechanisms,
and it can be avoided by appropriate operational management and monitoring. Only the
hard short-circuit, by penetration with, e.g., a nail, could produce a sudden hard short-
circuit, which, however, can only be achieved by external action and is not possible by
normal operation.

3.7. Serviceable

The last failure mode listed is labelled Serviceable, which defines actually still good,
functional batteries whose ageing progress has not yet led to failure. These batteries were
replaced prematurely, presumably due to customer request. This failure mode is therefore
not a failure mode of the battery but only indicates how many batteries have been replaced
before the end of their lifetime.

These five major failure modes presented in the previous sections can be found in the
field data in Figure 2 and in Section 3.1. The following Section 4 presents the results of the
Weibull analysis and the calculated time-dependet failure rates λ(t).
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4. Results

Since this work is about the methodology for determining time-dependent failure rates
for individual failure modes and no field data from batteries are available that represent
future load scenarios and failure criteria, the results are presented in normalised form. This
section shows the results of the Weibull analysis performed with the field data derived
from the Report on Battery Failure Modes by BCI 2015 as described in Section 3.

Nevertheless, the older database is used to demonstrate the methodology from
Section 2, but the absolute failure rates λ(t) are not relevant for the reasons mentioned
above. The Weibull parameters are presented, but the scale parameter T is normalised
with respect to a typical vehicle lifetime. Subsequently, the calculated time-dependent
failure rates λ(t) are also presented normalised. The time is normalised with respect to
a typical vehicle lifetime τvehicle. The failure rates λFailureMode(t) of the individual failure
modes from Section 3 are normalised to the failure rate λS(t) of the still functional batteries
of the failure mode Serviceable after τvehicle,0.6 = 0.6 · τvehicle vehicle lifetimes according to
the following Equation (8):

λFailureMode,normalised(t) =
λFailureMode(t)
λS(τvehicle,0.6)

=
λFailureMode(t)

λS,0.6
(8)

The parameters determined by Weibull analyses are summarised in a table in the fol-
lowing section and the determined time-dependent failure rates λ(t) are listed individually.

4.1. Estimated Weibull Parameters

The results of the Weibull analyses are obtained by parameter estimation with maxi-
mum likelihood estimation (MLE) and the application of bias correction. Table 2 shows
the results of the estimated Weibull parameters. For the available five failure modes, the
determined shape parameters b and the normalised scale parameter T are listed.

Table 2. Determined Weibull parameters for the failure modes of the total sample. The table shows
the estimated shape parameter b for each failure mode and the normalised scale parameter T by a
typical vehicle lifetime τvehicle. (Analysis method: MLE; Rank method: Median ranks; Confidence
bounds method: Fisher matrix; unbiasing parameters)

Failure Mode Shape Parameter b Normalised Scale Parameter T

Serviceable 1.239 1.134
Open Circuit 1.819 2.127

Plates & Grids 2.812 0.582
Worn out & Abused 2.255 0.826

Short Circuit 2.637 0.596

The parameters listed in Table 2 give an indication for the failure behaviour of the
obtained component. In general, components can fail due to different reasons. The classic
bathtub curve is divided into three areas that show different stages of failure behaviour
and thus are linked to different magnitudes of the shape parameter b. Early failures with a
decreasing failure rate λearly and a shape parameter b << 1 are often due to manufacturing
defects, incorrect storage and long storage times. Random failures with a constant failure
rate λrandom and a shape parameter b ≈ 1 are often encountered in electronic components.
The third area of the bathtub curve is indicated as wear out or ageing failures with an
increasing failure rate λageing and a shape parameter b >> 1. As batteries age with first
use, their failure rate is expected to be continuously or exponentially increasing during
use like λageing with a shape parameter b >> 1. The second parameter determined is the
scale parameter T . This parameter indicates the time at which the probability of failure
F(T) = 63.2% is reached and a corresponding amount of parts of the sample have failed.
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In the following Section 4.2, the results of the Weibull analyses are presented as time-
dependent failure rates for the different failure modes listed in Table 2 and its parameters
and failure behaviour are discussed.

4.2. Failure Rates of Lead Battery Failure Modes

The Weibull parameters listed in Table 2 are obtained by Weibull adaptions according
to the methodology presented in Section 2 to lifetime values of the different failures modes
as presented in Section 3. According to Section 2.3 the failure rate λ(t) can be calculated
with Equation (7). By using the determined shape parameters b and scale parameter T, the
failure rate λ can be calculated for different times t. The five failure modes and their Weibull
parameters from Table 2 are used to calculate these failure rates λ(t). In the following, this
is shown individually with the Weibull parameters from Table 2 in normalised graphs by a
typical vehicle lifetime τvehicle. All failure rates are displayed with their upper and lower
confidence interval for a confidence level of 95% (on time, type 1).

The failure rates are normalised by failure rate λS,0.6 of the functional batteries of the
failure mode Serviceable according to Equation (8). Consequently the still good batteries
and their failure rate λS(t) is displayed at first in Figure 3.
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Figure 3. The normalised failure rate λS(t) of the failure mode Serviceable with a shape parameter
b = 1.239 and a normalised scale parameter T = 1.134 is shown. In addition, the upper and lower
confidence limits for a confidence level of 95% are displayed.

The pattern of the failure rate λS(t) of the failure mode Serviceable in Figure 3 clearly
belongs to the category of random failures with a shape parameter very close to b = 1. This
makes sense with the information about this failure mode according to Section 3.7. Since
the batteries are still functional and there is no fault due to ageing, the battery changes in
car workshops due to Serviceable are highly random and logically there is no progression,
as expected with an ageing mechanism.

The failure rate λOC(t) of the first real failure mode Open Circuit is shown in Figure 4.
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Figure 4. The normalised failure rate λOC(t) of the failure mode Open Circuit with the estimated
shape parameter b = 1.819 and a normalised scale parameter T = 2.127 is shown. In addition, the
upper and lower confidence limits for a confidence level of 95% are displayed.

The failure rate λOC(t) in Figure 4 shows a pattern that cannot be clearly assigned to
either random or ageing mechanisms. The failure rate λOC(t) increases with time for the
shape parameter b = 1.819 determined by Weibull analysis. However, no clear assignment
to ageing effects with linear or exponential increase and shape parameter b ≥ 2 or to
completely random failures with shape parameter b ≈ 1 is possible. This uncertainty is also
shown by the wide confidence bounds. Only a few batteries failed with this failure mode,
as can be seen in Figure 2. The small sample size of this failure mode results in very wide
confidence bounds. Thus, on the one hand, the progression of the failure rates could be
rather exponential, as shown by the upper confidence limit. On the other hand, it could be
almost randomly distributed, as the lower confidence limit shows. This could be explained
by the knowledge of the failure mode Open Circuit from Section 3.3. It can be assumed that
the Open Circuit is mainly caused by a mechanical impact from the outside and only in
rare cases, e.g., corrosion inside leads to such strong instabilities that a rupture can occur
due to normal vibrations in the vehicle. Before an Open Circuit occurs, a failure of the
battery is more likely due to its greatly increased internal resistance. This Weibull statistical
analysis shows that for the Open Circuit failure mode, different ageing mechanisms overlap
and the failure rate does not show a consistent failure behaviour. According to the failure
description in Section 3.3, an assignment of the failure mode Open Circuit to the sudden
failures would fit but cannot be done definitively with this database. For this purpose, a
larger sample and a longer observation period would make sense in order to obtain more
meaningful results.

The next failure mode according to Table 2 is Plates and Grids and the corresponding
failure rate λPG(t) is shown in Figure 5.

The development of the failure rate λPG(t) in Figure 5 shows a moderate exponential
increase. The shape parameter b = 2.812 clearly belongs to the ageing effects, which are
characterised by a shape parameter b >> 1. With the knowledge of the ageing mechanism
Plates and Grids from Section 3.4, the curve in Figure 5 is understandable. When the battery
is not in use, only minor ageing takes place. Only with increasing time and use of the
battery does the ageing effect become apparent and eventually lead to a failure of the
battery due to increased internal resistance. The allocation of the failure mode Plates and
Grids to the gradual faults is suitable for the curve according to Figure 5, resulting from the
shape parameter b.
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Figure 5. The normalised failure rate λPG(t) of the failure mode Plates and Grids with a shape
parameter b = 2.812 and a normalised scale parameter T = 0.582 is shown. In addition, the upper and
lower confidence limits for a confidence level of 95% are displayed.

The following Figure 6 shows the normalised failure rate λWOA(t) of the failure mode
Worn out and Abused.
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Figure 6. The normalised failure rate λWOA(t) of the failure mode Worn out and Abused with a shape
parameter b = 2.255 and a normalised scale parameter T = 0.826 is shown. In addition, the upper and
lower confidence limits for a confidence level of 95% are displayed.

The shape of the failure mode Worn out and Abused in Figure 6 is almost linear with a
shape parameter close to b ≈ 2. This clearly indicates a wear failure or ageing mechanism.
In addition, the scale parameter T shows that many batteries survive for a very long
time of a typical vehicle lifetime until this failure mode becomes sufficiently dominant to
cause the battery to fail. This can be well explained by Section 3.5, since capacity loss is
decisively caused by cyclisation of the battery, which requires the battery to be used for a
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long time. The clear assignment of the failure mode to the ageing effects fits well with the
gradual faults.

The failure mode Short Circuit is shown in Figure 7.
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Figure 7. The normalised failure rate λSC(t) of the failure mode Short Circuit with a shape parameter
b = 2.637 and a normalised scale parameter T = 0.596 is shown. In addition, the upper and lower
confidence limits for a confidence level of 95% are displayed.

The development of the failure rate λSC(t) in Figure 7 shows a slightly exponential
increase with the shape parameter b = 2.637. This indicates a strongly use-dependent
ageing mechanism. According to Section 3.6, the failure mode Short Circuit can occur for
different reasons. It can only occur completely randomly due to misuse from the outside or
extreme operation out of specifications with frequent severe deep discharges, so dendrites
can grow at an early stage. In normal use, energy management should protect the battery
from frequent deep discharge conditions so that dendrite growth, if it occurs at all, takes
a long time to develop. The comparatively small scale parameter T indicates vehicles in
which the energy management is poor from the start and the battery is thus exposed to
frequent deep discharges early on.

The results of the Weibull adaptation and the Weibull parameters determined on the
basis of the BCI 2015 Report on Battery Failure Modes field data and the visualised failure
rates λ(t) for the individual failure modes are summarised and discussed in the following
Section 5.

5. Conclusions

Reliability analyses in vehicles are becoming increasingly important due to the com-
plexity of vehicles. To ensure safe operation, proof of reliability must be provided for more
components. In this study, an approach to determine failure rates for lead batteries from
field data is presented. It has been shown that the statistical reliability analysis can also be
applied to electrochemical components to derive appropriate failure rates. In particular,
by knowing the reason for the failure of the lead battery, the developments of the failure
modes over time as shown can be understood but also justified.

Batteries with the failure mode Serviceable show a progression of the failure rate over
time, which clearly indicates random failures, as the failure description indicated. The
failure mode Open Circuit, on the other hand, shows a failure behaviour over time that
cannot be clearly assigned to random or ageing failures. The small sample size and the
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short observation period can have a negative influence on the accuracy of the Weibull
analysis. For a longer observation period, a clearer result could emerge for the failure mode
Open Circuit and a clearer assignment to sudden faults or gradual faults could be possible.
The two failure modes, Plates and Grids as well as Worn out and Abused, show progressions
of the failure rates over time, which can clearly be assigned to the ageing mechanisms. The
last investigated failure mode Short Circuit can, according to the description in Section 3.6,
arise due to dendrites slowly developing through deep discharges, also called soft short, or
due to hard short circuits caused by external rather random influences. The determined
failure rate for the failure mode Short Circuit shows an exponential progression over time
and is rather to be assigned to the wear or ageing mechanisms for these data.

With the presented approach, ageing models for the investigated failure modes can be
determined from field data, which are useful for the safety analysis in the power supply
system and the entire vehicle. The field data examined are still based on conventional
vehicles in which the lead battery is used as a typical starter battery. In future driving
applications, however, a 12 V battery will be needed in the power supply system, which
will not be used for starting the engine anymore but much more for the safe supply of
energy in critical cases. This means that the 12 V battery must provide the energy and
power for a so-called safe stop scenario, which brings the vehicle to a safe stop at the
emergency lane by a double lane change. These requirements are of course different from
those of a conventional, mainly manually driven vehicle. Thus, the battery is continuously
monitored and operated in a favourable operating range for the battery. By monitoring the
battery’s condition and ageing progress, it is possible to replace the battery before it fails,
so that critical failures can be avoided.

Nevertheless, this study used these old field data from outdated batteries just to show
the approach for future field investigations on batteries to determine relevant failure rates
for future driving applications. Therefore, in further investigations, the collected lead
batteries could be tested with the new failure criterion of a defined safe stop scenario when
collecting field data. Furthermore, the determination of the failure mode by tear down
analysis is prone to subjective evaluations. One possibility would be to electrically test the
collected batteries and evaluate their ageing progress with objective criteria. This would
be useful for assessing the reliability of 12 V batteries such as lead batteries for future
driving applications.
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