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important part of many renewable based energy systems. Not only
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significant expenditure when considering the whole life cycle costs.
Poor prediction of lifetime can, therefore, lead to uncertainty in the
viability of the system in the long term.

This report details the work undertaken to investigate and develop
two different battery life prediction methodologies with specific
reference to their use in hybrid renewable energy systems.
Alongside this, results from battery tests designed to exercise
batteries in similar modes to those that they experience in hybrid
systems have also been analysed. These have yielded battery
specific parameters for use in the prediction software and the first
results in the validation process of the software are also given.

This work has been part of the European Union Benchmarking
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Union, the United States and Australian governments together with

other European states and other public and private financing bodies.
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improve the design capabilities of organizations, private and public,
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Preface

Power system implementers commonly agree that one of the key weak links in the
long-term operation of renewable based rural energy systems is the system batteries.
Batteries not only impact on the system operation and performance, but also can
greatly affect the life cycle cost of a specific power system. Numerous hybrid power
system performance and economic models, [1] that are currently in use provide an
estimate of battery life based on a number of different mathematical calculations and
assumptions. These life calculations are then used to develop cost of energy
estimates for the power systems.

Unfortunately the varying methods currently used are quite diverse with many
different assumptions and very little effort has gone into the validation of these
methods. Additionally, most of the methods use calculation techniques based on
information provided by manufacturers, usually under conditions that are not at all
similar to the ones experienced by batteries in remote power systems.

Under the Benchmarking project work, two different battery life calculation
methodologies have been investigated and further developed with the aim of
improving the prediction of the life of batteries in hybrid power systems. One is
based on a cycle counting approach similar to that used in structural fatigue analysis,
the other is based on the application of a cross matrix, developed by the project for
linking a number of stress factors with the recognised lead acid battery damage
mechanisms. Both methodologies are combined with their own battery performance
model in order to link the predicted battery life time with the actual use of the battery
in terms of simulated or measured charge / discharge patterns.

The project combines the model development with experimental verification, using
both specific lab tests of selected batteries as well as field test results collected in the
project’s systems test database. The reliable prediction of battery life in a given
system is a precondition for providing a proper decision basis for system costs &
performance, and the validation procedure established by the project is an essential
part of this. The paper describes the first results of the battery model development
effort as well as results from the initial model validation using standard battery
performance testing for operating profiles considered representative of wind and PV
powered remote power systems.

This work is part of the European Union Benchmarking research project (ENK6-CT-
2001-80576), funded by the European Union, the United States and Australian
governments together with other European states and other public and private
financing bodies. It incorporates the combined experience of 12 internationally
recognised research and development laboratories worldwide. Through this project
the partner institutions intend to provide useful tools to improve the design
capabilities of organizations, private and public, in remote power systems. This work
also aims at engaging the manufacturers of components widely used in remote area
power systems, to specify these components in terms that are relevant to the
renewable energy systems industry.
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1 Lifetime of batteries in RES applications
1.1 Application of batteries in RES systems

The nature of renewable energy sources makes it a challenge to integrate them in
power systems. The two main characteristics of renewable energy sources that
present challenges are their intermittency and their unpredictability. The impact of
both these characteristics can be mitigated by the application of batteries in the
system. The main issue in power systems with large amounts of renewable energy is
to match economically the power production to the consumption. The intermittency
of the renewable energy production means that storage or other types of production
is needed in order to meet the demand. Power quality and stability also has to be
ensured by the controllers of the system. The intermittency of renewable energy
sources also has a significant impact on the layout and requirements for the
controllers of the system.

Different types of renewable energy sources have very different characteristics both
in terms fluctuations and in terms of power production technology. The major
renewable energy sources investigated as part of the Benchmarking project are wind
and solar electric power.

The solar input to a solar power plant naturally depends on the geographical
placement of the plant. It will have a very significant component which depends on
the time of day and year and another component that is dependent on the actual
weather. It is this last component of the solar input that makes the input
unpredictable, however, both of the above components of the solar input have an
impact on the energy storage system. In Figure 1 solar irradiation is shown for a
typical location in Denmark.
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Figure 1 Solar Irradiation (5m a.s.l, horizontal) during 2004
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It will often be the diurnal and seasonal variations that will determine the size of the
battery because of requirements for the system to be autonomous. This will often
result in a relatively large energy storage capacity compared to the load.
Furthermore, the size of the PV array will be large enough so that it can fully charge
the battery as part of the normal operation. The short-term fluctuations will,
therefore, have a relatively small impact on the size of the battery storage.

The characteristics of the wind resource are in most places significantly different
from the solar resource. Wind is much more fluctuating in nature and although there
will be daily and seasonal variations the major part of the input will be stochastic and
very difficult to predict. The stochastic part is usually referred to as the turbulence.
Since the fluctuations are both faster and larger than for solar resources the operating
conditions for an energy storage system will be significantly different. The structure
of the wind resource is also very dependent on the site. Some sites have a very high
turbulence intensity and some have a very steady wind even if they are close. To
illustrate how a typical wind pattern looks, a year of data is presented in Figure 2 (10
minute average values).
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Figure 2 Wind speed measured at Riso (44m a.s.l, 10 minute average values) during 2004

Contrary to solar resources, a wind resource can have extended periods (days) with
calm or very low winds (i.e. no wind energy production) and the short term
fluctuations are on average much larger. In addition, the wind energy production is
not proportional to the wind speed, but depends on the cube. These characteristics
have a significant impact on how energy storage is integrated into the system.

Many layouts of power systems with renewable energy exist. They range from small
solar home systems of 50-100W to large wind diesel systems of several mega-Watts.
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Even within each type of system many variations exist especially regarding system
controllers.

The primary objective for a solar home system (SHS) is to use solar energy to
provide power for light and small residential appliances (TV and radio). This means
that the battery included as part of the system will usually be charged during the day
and discharged at night. The layout of a typical SHS is shown in Figure 3. It is the
task of the charge controller, sometimes including a maximum power point tracker
(MPPT), to maintain the efficiency of the system while keeping the batteries within
their operating range i.e. by limiting voltages and currents.

Charge
Controller
and MPPT

Inverter

S

Figure 3 Solar home system with charge controller for battery control and inverter
for AC generation

The corresponding type of system using a wind turbine is the small wind battery
system or wind charger. Typically these systems will be larger than a SHS, ranging
in size from 100W to 10kW. There will be a large difference in the applications for
systems with such a power range. As for the SHS it is the task of the charge
controller to ensure the operating conditions of the batteries are kept within limits.
Since wind does not exhibit the same variations as solar irradiation, the operational
conditions of the batteries will very different. The layout of such a system is similar
to the SHS system except for the wind turbine replacing the PV modules.

For larger systems there will often be a requirement to supply power 24 hours a day.
In such systems other types of generation will commonly be included, typically a
diesel genset. This applies to systems with PV modules or with wind turbines, or a
combination of the two. In such systems the battery capacity will often be smaller
since the autonomy is guaranteed by the genset. The genset will also often be used as
an active component in the battery management strategy, for instance to ensure the
complete charging of the batteries. A typical system layout is shown in Figure 4. The
system in the figure is AC-based and the genset is connected to the AC bus bar.
Alternatives where the system is DC-based are also common. The output from the
genset is then rectified and fed to the DC bus to supply charge to the battery bank.
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The loads can be either DC loads connected to the DC bus bar or a central AC
converter can be part of the system which then feeds the loads.

Bus Bar

.......................................................................

Diesel Genset

DE GS

,7 Converter

—

Figure 4 Simple wind diesel system with battery storage. Components are connected to
a common AC bus bar

The nature of the wind resource leads to two ways of implementing batteries in wind
based systems. Batteries are either chosen to provide small amounts of energy to ride
through short lulls in wind power without the need to start a diesel engine or to
provide large amount of energy storage that can give system autonomy even if there
is no wind input for days. The first option will typically lead to battery sizes
supplying 10-30 minutes of storage autonomy. The operating conditions of the
power system with these two approaches will be very different for batteries in the
two types of systems.

In systems with a small battery capacity the battery will experience large currents

and frequent power reversals. In a system with a large storage capacity the relative
currents in the battery system will be small and depending on how a back up diesel
genset is being used, extended periods at partial state of charge are possible.

The design of the system usually depends on minimising the cost of energy given the
constrains of the system in terms of technical performance and other requirements.
Typically, system performance models such as Hybrid2, [2] , HOMER [3], IPSYS
Error! Reference source not found., will be used to assess the performance and
provide input for the cost calculations. The major elements are the sizing of the
components based on available renewable sources, the load, and the control of the
system. Seen from the batteries’ perspective the control strategy is very important
and it includes several time scales from seconds to hours or even days.
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To guide the system designer, categories of similar use of batteries in such systems
have been defined as part of the Benchmarking project, [5], and these can be used to
help select batteries that are particularly suited for a specific application or use
profile.

1.2 Damage mechanisms and stress factors

The major components of a lead acid battery are the two electrodes, the electrolyte
and the terminals. Many types of lead acid batteries exist and the construction of the
batteries is adapted to specific battery applications. Some of the applications include
car batteries (Starting, Lighting, Ignition (SLI)), truck or heavy duty and batteries
developed for application in renewable power systems, especially PV systems.

The construction of the batteries differs in two ways: The construction of the
electrodes and the electrolyte system.

The electrodes consist of a grid and the active material. The purpose of the grid is to
distribute the current and provide mechanical support for the active material. Grids
come in many shapes and material properties depending on the application of the
battery. Plates in batteries for renewable energy systems and other deep cycle
applications are primarily thick flat plates, tubular plates or spiral wound. Flat plate
batteries are simple to manufacture. The tubular plate is more robust because the
active material is contained in tubes, which will reduce shedding. Spiral wound
plates are even more robust.

There are also many variations of electrolyte system: flooded, valve regulated
(VRLA), absorbed glass mat (AGM) or gel. The two last types have the electrolyte
immobilised by either a porous glass mat or through the addition of fumed silica gel.
Immobilisation of the electrolyte reduces acid stratification (the condition where the
concentration of the electrolyte is higher at the bottom than at the top).

The battery will be affected in different ways depending on the conditions under
which it is operated. All types of lead acid batteries will suffer from the same
damage mechanisms but to different degrees. In the Benchmarking project, a clear
distinction has been made between the damage mechanisms of ageing processes,
which are irreversible changes of the components of the battery (or the material
composition of components), and stress factors which are characteristic features of
the operating conditions of the battery and which alter the rate of action of the
damage mechanisms. By themselves, stress factors do not change the components or
materials of the battery, except for acid stratification which can be considered to be
both a damage mechanism and a stress factor. The influence of a damage mechanism
on the performance of a battery is a function of its design, selection of materials and
manufacturing processes.

As part of the project the following major damage mechanisms have been identified,
[5]. These are:

e Corrosion of positive grid.
e Hard/irreversible sulphation.
e Shedding.

e Water loss/drying out. (This is a damage mechanism for VRLA batteries.
Water loss also occurs in flooded batteries but only causes damage if it is
not replenished in time due to poor maintenance.)

8 Risg-R-1515(EN)



e Active mass degradation.

e Electrolyte stratification. (This is a damage mechanism for VRLA batteries.
For flooded batteries it can be considered to be a reversible effect which
only causes irreversible damage if it is not removed in time.)

Corrosion of the positive grid has an impact on the internal resistance and available
capacity. The internal resistance increases as the corrosion layer increases because of
the reduced conductivity of the corroded material and due to the reduced cross
section of the grid. The reduction in capacity results from the fact that as part of the
grid corrodes, some of the active mass has reduced electrical connection to the
terminals. There are several mechanisms that drive corrosion but the three main
factors are battery voltage, acid concentration and temperature. The dependence on
voltage is complex but in general high voltages increase the corrosion speed
dramatically. As can be seen while looking at the other damage mechanisms, low
voltages should also be avoided. Maintaining a battery at the float voltage results in
the least corrosion. The major part of the research carried out on the impact of
voltage on corrosion speed has been conducted by Lander, [6]. Increased acid
concentration will also increase the corrosion speed. This is particularly important
while considering stratification as the lower part of the electrode will experience
higher acid concentrations when the battery is stratified. Elevated temperature also
plays a key role is corrosion, the higher the temperature the faster the corrosion
process.

As part of the fundamental chemical reaction of the battery, sulphate crystals are
created at both electrodes when the battery is discharged. When the battery is
charged the crystals dissolve and are converted to PbO, and Pb on the positive and
negative electrode respectively. However, if the battery is not operated properly,
such as left at a low state of charge for a long period of time, the sulphate crystals
grow in size and large sulphate crystals are created. Since these large crystals do not
dissolve easily when the battery is charged this leads to hard or irreversible
sulphation. This in turn leads to a loss of capacity because the sulphated part of the
active material is not longer active and the large sulphate crystals will leave part of
the active material insulated from the terminal. Further, the sulphate crystals have a
larger volume than PbO, (and Pb) which results in a higher mechanical stress on the
electrodes.

Shedding is a process whereby some of the active material detaches from the
electrodes and falls to the bottom of the battery, thus reducing the battery capacity.
The process is influenced by sulphation because of the difference in volume of the
sulphate crystals and the lead oxide on the positive electrode. Shedding can also be
caused by overcharging the battery as gassing bubbles can detach active material
from the electrodes.

Active mass degradation, also termed as softening of the electrodes, is primarily a
change in the mechanical structure of the electrodes and active material. This leads
to a decrease in porosity and surface area of the electrolyte and active material
boundary. The decrease in surface area leads to a reduced capacity of the battery by
concentrating the chemical reaction into less space and reducing the diffusion of the
electrolyte. This degradation especially affects the positive electrode and cannot be
restored by fully charging the battery because the degradation is a result of its exact
discharge and charge history.
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The last major ageing mechanism for the batteries is electrolyte stratification. In this
process the acid content of the electrolyte stratifies, with the higher density
electrolyte sinking to the bottom of the battery casing. Stratification leads to reduced
battery capacity by concentrating the chemical reaction to specific parts of the
electrodes and can increase corrosion at the top of the electrodes where the acid is
weaker. Some disagree that this is a in fact a damage mechanism, or simply an
accelerator for the other damage mechanisms already discussed. In flooded and
VRLA batteries stratification can build up quickly, primarily dependent on the
operating regime. Stratification can however be removed by overcharging the
battery, creating gas bubbles which stir and mix the electrolyte. For batteries where
the electrolyte is immobilised, stratification will usually not build up. This is the case
for AGM and gel batteries.

Certain features of the operating conditions have a particularly strong impact on the
damage mechanisms. These features are termed stress factors. Stress factors are
quantities that are derived from the voltage, current and temperature history of the
battery operation. The project has identified the major stress factors and their impact
on the damage mechanisms. The major identified stress factors are:

Discharge rate

e Time at low state of charge
e Ah throughput

e Charge factor

e Time between full charge
e Partial cycling

e Temperature

The definitions of the stress factors are in [5].

Table 1 shows the impact of the stress factors on the damage mechanisms found
including the relative importance of the impact.
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Table 1 Stress factors and their impact on damage mechanisms (light blue: strong impact, yellow: medium impact; green: little impact)

Corrosion of hard/ irreversible . . . electrolyte
. . - sheddin water loss / drying out| AM degradation e
the positive grid sulfation 9 rying 9 stratification
probably increased shedding; increases inner resistance [Higher discharge rate
outer AM fraction cycles at due to AOS-model reduces electrolyte

higher DOD level cycling
[pasted plates]

(agglomerate of sphere) [stratification. On the other
hand less homogeneous
current distribution plays
negative role.

discharge rate

time at low
states of
charge

Ah
throughput

loss of active material
structure, larger crystals

charge factor

A negative influence, A negative influence,
increasing with decreasing increasing with decreasing
time. time

An impact through potential |A positive impact. Higher Ah no direct impact Higher partial cycling at lower
variations (depends on throughput at lower SOC However certain partial SOC leads to higher
frequency, SOC level, ..) increases sulphation. cycling may cause a stratification.
preferential discharge and
faster AM degradation in
certain AM fraction.

Time between
full charge

Partial cycling Partial cycling (f>1Hz) increases

size of lead-sulfate crystals.

On one hand high temperature increasing with increasing
helps to better fully recharge temperature

(more sulfate can be recharged).
On the other hand high temp.
leads to more hard sulfate build
up at a low SOC.

low impact
high temperature degrades

Temperature neg. electrode expanders
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1.3 Benchmarking context

The use of batteries in RES has been investigated as part of the Benchmarking
project, [7]. Data from many power systems were analyzed and similar use profiles
of the batteries have been identified. This has lead to a grouping of systems in six
different categories, depending the operating regime of the batteries,[5].

In order to provide recommendations on which battery type(s) to use for a particular
system or application a standard method of analysing the system has been developed,
a tool called THESA, to produce input for a decision support tool, called RESDAS,
that provides the recommendations. The recommendations can then be used as part
of the input into a system performance model that estimates the technical and
economic performance of the power system. The results of the simulations can then
be fed back into the THESA package for further analysis and after that into
RESDAS to see if the system still falls into the same category. However, because the
battery operation may change due to the use of a different battery, the process may
lead to modifications of the recommendations, suggesting a new battery type. The
tools, THESA and RESDAS, can also be used as a basis for choosing different
system layouts and components that may be relevant for the site under investigation.

Power system performance models play a very important role in the assessment of
both the technical and economic performance of systems. It is a key issue to have the
ability for the comparison of different design options objectively. It is therefore
necessary that the system models are able to model accurately the systems under
investigation, including the control of the system and the battery storage.
Additionally, to be useful in determining the appropriate battery technology the
output of the system performance models should provide information required by the
THESA tool, primarily battery voltage, current, SOC and temperature. It is essential
that the controls of the system are modelled as closely as possible to the real system
so that the output from the simulation models can accurately assess the lifetime of
the batteries. For systems with wind input, short time steps, in some cases down to 5
seconds, are necessary for the correct simulation of the operating regime of the
batteries.
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2 Battery lifetime modelling

2.1 Battery modelling in general

Modelling of batteries is a very important aspect of hybrid power system simulation
because the uncertainty associated with the expected lifetime of the batteries makes
the estimates of cost of energy of the projects very uncertain. Since the life cycle
cost of the batteries is one of the significant power system expenses it is a major
source of uncertainty for potential power system investors.

Most battery models focus on three different characteristics. The first and most
commonly used model is often termed a performance or a charge model and focuses
on modelling the state of charge of the battery, which is the single most important
quantity in system assessments. The second type of model is the voltage model,
which is employed to model the terminal voltage so that it can be used in more
detailed modelling of the battery management system and the more detailed
calculation of the losses in the battery. The third type of model is the lifetime model
used for assessing the impact of a particular operating scheme on the expected
lifetime of the battery.

These different models can be independent of each other or they can be integrated
and interdependent in an attempt to model the whole battery system.

If the lifetime model is independent of the performance and voltage models it can be
used for post processing of output from other system models. The integrated models
have the advantage that the degradation of the battery performance is modelled as
the battery is being used. Many combinations of these three models are currently in
use.

Since this report focuses on battery life modelling this is described in depth in the
next section. Further information on modelling the capacity and voltage of batteries
is discussed in the particular sections of this report that address specific models or in
works by Nickoletatos & Tselepis, 2004 and Manwell & McGowan, 1993, 1994,
[12],[16], [17].

2.2 Lifetime models

Many types of lifetime models for lead acid batteries exist. The main general types
are:

e Post-processing models

e Performance degradation models

221 Post-processing models

The post-processing models are pure lifetime models in that they do not contain a
performance model. They can therefore be used to analyse measured data from real
systems. The performance degradation models combine a performance model with a
lifetime model where the performance model is being updated during the simulation
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so that the performance of the battery degrades as time goes by depending on the
utilisation pattern of the battery.

There are many different methods for calculating the lifetime consumption. They
will usually involve either directly or indirectly the above mentioned stress factors.
They can either be used on their own in various combinations in order to include
several phenomena.

The methods include

e  Ah-throughput counting

e Cycle counting

The Ah-throughput model simply counts the amount of charge through the battery.
The end-of-life criterion is based on the datasheet value for nominal charge
throughput. Ah-throughput models can be extended to include weighting factors on
the current depending on a number of factors such as the state of charge. Simple Ah-
throughput models primarily focus on the Ah throughput stress factor and do not
directly consider the other stress factors previously discussed. However, with the
addition of specific weighting factors some of the stress factors can be accounted for.

The cycle-counting model mostly concentrates on current and state of charge of the
battery. Here the assumption is that the amplitude of a charge cycle determines the
fraction of lifetime that is consumed. This means that even though the charge
throughput is the same the lifetime consumption can be different depending on
whether the battery is cycled at large amplitudes or small SOC amplitudes. This
method can also be modified to include more factors such as at what state of charge
the cycle occurs. The end-of-life criterion is the number of charge and discharge
cycles as specified in datasheets provided by most manufacturers. Since the number
of cycles until end-of-life often varies based on the depth of discharge, the life
consumption needs to be calculated by appropriate summation of the individual
cycles.

2.2.2 Performance degradation models

The second type of general model is a performance degradation model, which
follows more closely what the batteries are actually experiencing. In real batteries
the useful life is generally expressed as the loss of the battery’s ability to provide a
specific amount of its original nominal capacity, usually 80%. So, for example, if a
battery that has been operating for years is only able to supply 75% of its nominal
capacity during a capacity test, the battery is considered dead. One of the important
distinctions of this modelling method is that it generally combines all three of the
battery models, voltage, capacity and life, by changing the parameters that model
voltage and capacity until the battery can no longer meet the life requirement. This
integrated approach therefore intrinsically accounts for the change in battery
performance as it ages, something that the post-processing models cannot do. When
using the performance degradation model a number of methods can be used to keep
track of the reduction in performance of the battery capacity and when this capacity
is reduced below a specified threshold the battery is also considered dead. There are
two main methods to assess battery performance; the first uses an equivalent circuit
model while the second attempts to model the physical properties of the electrolyte
and electrodes.
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The equivalent circuit lifetime model modifies the values of the parameters of the
equivalent circuit voltage and capacity depending on the operating conditions of the
battery. The updating methods of the equivalent circuit parameters can be based on
current and charge using the same methods as in the Ah-throughput models or they
can be based on the voltage and temperature or combinations of the different lifetime
methods. The physical properties model describes the changes in the structure of the
electrodes, leading to changes in how the electrolyte diffuses and thus its capacity
and voltage characteristics.

The different types of lifetime models differ in complexity as well as in their
requirements for data. The two first types require data for the battery that is generally
available from the battery manufacture whereas the others, especially the physical
properties models, require data that can only be acquired by having access to how
the battery is constructed in very fine detail.

2.3 Types of models investigated in the project

Two existing lifetime models have been investigated and extended as part of this
project. They are a rainflow counting model developed by UMASS as part of the
battery model in the simulation package Hybrid2, [2], and an equivalent circuit
model initially developed by FhG ISE as part of a PV system model, [8]. A third
model, an Amp-hour counting model as is used in the simulation package HOMER,
[3], was also evaluated although efforts were not made to improve the model’s
accuracy.
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3 Lifetime and parameter tests of batteries

A very essential part of the battery lifetime modelling activity has been a model
verification exercise to determine the accuracy of the different life prediction
methods discussed for different operating regimes of the battery. This process was
conducted in two testing stages, the first to determine the parameters required to
model the specific battery and the second as a comparison between the models and
long term lifetime tests of batteries using purpose developed testing profiles derived
from experience with wind and PV systems.

Because the Benchmarking project was looking at lead acid batteries for different
applications it was determined to complete testing on the two most common types of
batteries used in renewable energy systems. The following two batteries were
selected due to their common use and availability and access to the poles of
individual cells.

e BAE OPzS 50: 12v 50Ah VLA tubular positive and grid negative electrode.

e BAE OGi 50: 12v 54Ah VLA round-grid positive and flat plate negative
electrode.

3.1 Parameter tests

3.11 The need for specific parameter tests

Most battery models use the Shepherd equation for determining the output voltage of
a cell, [9], [13]. This equation describes the variation of voltage with state of charge
and current throughput. The parameters in the equation can be related to physical or
chemical attributes of the battery and are thus different for each type of battery.

With four parameters for each charging and discharging equation, the requirement is,
ideally, charge and discharge tests at four different constant currents. Unfortunately,
these are generally not available from manufacturers or their data sheets. It was,
therefore, decided that the Benchmarking project would carry out its own specific
parameter tests for each of the two batteries.

3.1.2 Parameter test requirements
There are four points of particular interest during each discharge/charge sequence:

1. Point defined as full state of charge

2. Point where the voltage crosses the lower voltage limit during discharge.
3. Point defined as full depth of discharge.
4

Point where the voltage crosses the upper voltage limit during charge.

In order for the parameter tests to be useful for calculating the battery parameters
these points, and those in between, need to be defined by voltage, current and state
of charge.
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The impact of battery temperature is not an integrated parameter in any of the
models and thus measurements at different temperatures were not carried out as part
of the test exercise. The temperature for these tests was kept constant using a fluid
bed and if temperature flexibility were to be added to the models, additional testing
could be undertaken to determine characteristic parameters for this as well.

3.1.3 Problems and Considerations

Defining and then conducting the tests to determine the above listed points for each
current sequence were the main concerns in designing a useful battery parameter
test.

The full state of charge is fairly well defined as the point at which the battery accepts
no more charge after a standard charge with an I4 current for two hours. The voltage
is also stable at this point.

The point at which the voltage crosses the lower voltage limit is also easy to define
and achieve. A voltage of 1.8V per cell was chosen as a commonly accepted “empty
battery” point.

More complicated however was how to describe a method to define the fully
discharged criteria so that each charge test could start from the same state of charge.
Stopping the discharge at 1.8V results in a voltage “bounce back” or recovery, the
severity of which depends on the rate of discharge previously carried out. Therefore,
should the battery be further discharged to reach a point with little or no recovery?
As more capacity is obtained the lower the discharge current, it was argued that the
battery should be discharged at a very low rate to achieve an absolute “empty” state.
However, even then the ability to achieve a repeatable absolute empty battery was
questionable. The alternative is to recharge the battery fully after every discharge test
and then perform a standard discharge to 1.8V at a specified rate so that even though
the recovery effect is experienced and somewhat unquantified a more constant state
of charge is achieved every time in preparation for the charge test.

The point at which the voltage crosses the upper limit is, once again, easily defined
and a limit of 2.4V per cell was chosen. A standard discharge and charge would then
be performed to achieve a consistently full battery again.

It was decided that the nominal capacity of the battery would be used as a reference
as opposed to the initial capacity of the particular test batteryl. This, of course,
meant that it was likely that negative states of charge would be encountered as the
battery capacity is generally larger than its nominal or nameplate capacity. Negative
states of charge are also encountered since the nominal capacity is defined by an I
discharge rate and a battery subject to lower discharge rates producing more
capacity.

In order to achieve a good spread of charge/discharge curves over a good operating
range the following rates were chosen: Is, 11, I and Is.

1 In this report quantities that are referenced to the initial capacity are maked with a *. For example,
I;o* is the current that fully discharges a battery from its initial capacity, Cy¢*, in 10 hours. The
nominal, or manufacturer’s rated, capacity is denoted C, and the corresponding 10-hour discharge
current is Iy.
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314 Parameter Test Profile

An example of the parameter test procedure is shown in Figure 5 and described
below:

Parameter test:

1) Charge the battery with standard charge (IUIa as below, with the highest
current rating possible).

2)  Discharge the battery with the test current 1 (1.8V/cell). Rest period of 2
hours.

3)  Charge and discharge the battery with the standard cycle as under 1.

4)  Charge the battery with the test current 1 (2.4 V/cell). Rest period of 2
hours.

5)  Discharge and charge the battery with standard cycle.

6)  Discharge the battery with the test current 2.
and so on.

The standard IUIa charge:

I phase: constant current Is or higher (40 A/100 Ah) to 2.4V/cell,

U phase:  2.4V/cell limited by current <I4 (2.5A/100Ah)

la phase:  constant current 4, limited by 2 hours time (the voltage ought to be
very close to a stable value and should definitely not increase further
quickly) and safety voltage U=2.7V/cell (and or (by a charge factor
if specified by manufacturer)

Rest time after the charge: 1 hour

The standard discharge:
Constant current 1,5 to 1.7V/cell
Rest time after the discharge: 1 hour

—— Current
—"viltagel

Battery Current (&)

. e AR Z — T « Z Z Z >
115 Discharge  Standard Charge & Discharge 15 Charge Standard Discharge & Charge

0 1IU ZIEI 3IE| 4IE| S‘D BIEI FIEI BIEI QIEI 100
Time (h)
Figure 5 Example of Is Parameter Test Profile (OPz Battery)

From Figure 5 it is seen that the two hour constant charge current period is not long
enough to reach a full charge since the voltage increasing. However, it is considered
that this will introduce only a small and negligible error.
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3.2 Wind and PV test profiles for lifetime assessment

Within the Benchmarking project the two types of battery chosen are being subjected
to two types of use profile. Each profile developed was proposed to be somewhat
characteristic of the current profile a battery would typically be subjected to when
used in a renewable energy system: one photovoltaic system (“PV profile”’) and one
wind power system (“Wind profile”). In order to track the decline of battery
performance periodic capacity tests were performed.

Through the benchmarking project it became clear that a new series of life time
prediction tests were required. When looking at power systems incorporating wind
this need was evident as prior to the project no battery use profiles with wind as an
input had been developed or tested. The variable nature of wind results in higher
charge rates than are normally expected in PV systems and thus result in a unique
battery use profile. More research has gone into the development of profiles for PV
systems; however the profiles that are available have focused on either repeating
quite general charge and discharge cycles, more typical for Solar Home Systems, or
were designed to target specific damage mechanisms. Very few profiles had been
developed that provide behaviour that would be typical of a hybrid PV power
system. More information on the available testing profiles can be found in O. Bach
et. al. 2002 and 2003 [10] & [11].

3.21 Renewable energy system profiles

The profiles shown in Figure 6 were used to represent a typical current profile
required of a battery in a PV and in a wind system. The actual current used in the test
is calculated as a multiple of the 110 current with reference to the initial capacity
value and not the nominal value to ensure comparable conditions. The values shown
here are for the OPz battery with an initial capacity (C;¢*) of 70Ah.

OPz Battery PV Profile

Time (hours)

OPz Battery Wind Profile

Time (hours)

Figure 6 PV and Wind Profile Examples
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Key figures for each test profiles are provided in Table 2, [12]. It is seen from the
table and the figure that the magnitudes of the current in the wind profile are higher
than in the PV profile. This reflects the experience with systems including wind
compared to PV. It can be expected from the profiles that the batteries tested with
wind profile will degrade faster than those tested with the PV profile due to the
higher currents and higher rates of change of the current (for the same Ah
throughput).

Table 2 Key figures for the test profiles (the currents and capacities are referenced to the
initial capacity Cjp*)

Item PV wind
Duration [h] 7 15.75
Tnax [T10*] 2 4.2
Linin [T10*] -1.5 -2
SOC range [% of Cyo*] 27.5 73.25
Ah throughput [Cyo*] 0.3125 1.155
3.2.2 Battery test procedures

The batteries were first subjected to five I, discharge / I}, charge cycles to condition
the batteries and to try to obtain the real full capacity of the batteries. A capacity test
then followed and this was designated to be the initial capacity.

The tests then consisted of blocks of repeated renewable energy system profile
cycles interspersed with capacity tests.

The PV blocks were as follows:

Discharge at I;o* for two hours (to reach 80% SOC)
Series of 35 PV profile cycles.

Discharge at I,o* for three hours (to reach 50% SOC)
Series of 35 PV profile cycles.

Charge at I;o* for three hours (to reach 80% SOC)
Series of 35 PV profile cycles.

Sk LN =

The voltage limits were 1.8V and 2.45V per cell.

The wind blocks were as follows:

1. Discharge at I;o* for one hour (to reach 90% SOC)
2. Series of 50 wind profile cycles.

The voltage limits were 1.75V and 2.45V per cell.
The capacity tests consisted of three types of capacity measurement.
1. Residual capacity. This was designed to define the capacity left in the
battery at the end of that particular block of profiles.
2. “Solar” capacity measurement. This estimates the capacity of the battery

if it were to receive a “full” charge typically experienced by a battery in a
photovoltaic system.
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3. Full Cyy capacity. This gives the true full capacity of the battery after a
IUIa charge where all active material is converted and there is a complete
removal of stratification.

At the beginning and end of the whole test procedure a Co capacity test was carried
out.

The tests on the batteries have been carried out at three laboratories: CRES, JRC
ISPRA and GENEC. For full details of the tests please refer to the Benchmarking
report deliverable of WP4.2, [12].
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4 Ah Throughput models
4.1 Model description

An Ah-throughput model assumes that there is a fixed amount of energy that can be
cycled through a battery before it requires replacement, regardless of the depth of the
individual cycles or any other parameters specific to the way the energy is drawn in
or out of the battery. In most cases the estimated throughput is derived from the
depth of discharge vs. cycles to failure curve provided by the manufacture, as shown
in Figure 7, and Table 3.

This process is based on the observation that for many lead acid batteries, if the
cycles to failure at each depth of discharge is multiplied by the energy returned from
that discharge, the resulting curve can be assumed to be flat, shown as the calculated
throughput on Figure 7.

1400 4000
= 1200 | + 3500
s ,——1
3 €
2 1000 3000
— [
k] / +250 5
£ 800+ &
'8
5 + 2000 o
2 600 | 2
2 + 1500 °
2 )
£ 400 1 1000
s
S 200 | " 500
0 ‘ ‘ ‘ 0
0% 20% 40% 60% 80% 100%

Depth of Discharge

———— Calculated Throughput Cycles to Failure

Figure 7 Cycles to Failure and Total Throughput for a Flooded Flat Plate Battery based on data
supplied be the manufacturer

The expected throughput is defined by the following equation:
Throughput = Average { (E Nom DPOD; )* Cr, };(

Exom = Nominal battery capacity
DoD; = Specific depth of discharge being considered

C = Cycles to failure to the specific depth of discharge

F.i

Where i represents each depth of discharge measurement provided by
the manufacture, 10 values in the case of Table 3, and X to Y the
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range over which the measurements are taken, 10% to 100% DOD in
this case.

In most cases the lifetime throughput value is calculated based on an average of the
throughput for each depth of discharge. This average can be taken for all depth of
discharge cases or over the typical depth of discharge range that is expected to be
used, such as between 0 and 60 %, represented by X and Y in the above equation.
The result is one number that indicates the total number of Amp hours or Watt-hours
that can pass through the battery before it is expected to fail.

To determine the expected life of a battery in a power system, the battery model then
sums the Amp hours or Watt hours that pass into or out of the battery and when this
value reaches the total throughput calculated for the battery, the battery life is
considered used up.

Table 3 Example potential throughput life calculation for a 2.1 kWh battery with
discharges from full state of charge to various depth of discharges.

# of Calculated
Depth of Cyclesto Throughput
Discharge Failure (kWh)
10% 3800 798
20% 2850 1197
30% 2050 1292
40% 1300 1092
50% 1050 1103
60% 900 1134
70% 750 1103
80% 650 1092
90% 600 1134
100% 550 1155

Battery manufacturers create their cycles to failure data using specific testing
requirements, usually at a constant temperature of 25° C with the condition that
when the battery capacity diminishes to 80% of its nominal capacity it is considered
dead. As with the cycle counting method, the throughput method relies on battery
manufacturer’s data to calculate life and cannot easily assess battery degradation
with use or battery operation for systems where the battery has dropped below the
useful life specified by the manufacturer.

One of the key aspects of the throughput model is its simplicity, especially from a
modelling perspective. Throughput calculations can use either Amp hours or Watt-
hours, allowing more modelling flexibility.

A modified throughput model is used with the HOMER software, developed by the
National Renewable Energy Laboratory, [3], to model distributed power systems. In
the HOMER software a float life value is also included to specify the maximum life
of a battery, regardless of throughput. The software also allows the user to select a
minimum state of charge. This becomes the minimum of the range over which
HOMER averages the lifetime throughput values. The HOMER model uses a
simplified version of the Kinetic Battery Model, as described in section 6, to model
battery capacity but does not model battery voltage. At this point in time the battery
model in the HOMER software cannot be run independently nor can the output of
the model be entered into the THESA model to assess proper battery selection as
discussed in section 1.3.
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4.2 Comparison with measurements/test results for validation

Cycle to failure data was obtained from the manufacturer for the OPzS battery
which, when combined with the cycle to failure tests for the individual batteries, as
described in section 3.2, allowed assessment of the total Amp hour throughput
method. Based on the calculation method described above the battery was expected
to provide 51,700 Ah of storage throughput assuming a complete battery discharge
range of 10% to 100% DOD, or 44,450 Ah using a typical depth of discharge range
of 0 to 60 % DOD.

Specific cycles to failure data could not be obtained from the manufacture for the
OGi battery so an estimated cycles to failure curve was determine based on data
from other flat plate batteries. Using this analysis it was determined that the OGi
battery would be expected to achieve a theoretical throughput of around 15,500 Ah
when covering the complete battery discharge range of 10% to 100% DOD or

13,300 Ah using a typical depth of discharge range of 0 to 60 % DOD. However, this
life prediction data is based heavily on other batteries of similar type and thus should
be considered suspect until further tests can be performed.

To compare the results of the throughput estimation method the total throughput to
failure of each tested battery was summed for the different renewable profiles. The
results are shown in Table 4. To allow a clearer way to look at the impact of the
modelling error, the expected time error (in years) associated with the installation of
a battery that would be expected to last 6 years is also provided.

Table 4 Comparison of Experiments and Throughput Method

Calculated | Throughput to | Error in Actual Modelled | Difference
lifetime failure based | method | Battery life | battery life over a
throughput | on test data (%) based on (Years) | typical six
(Amp (Amp hours) testing year
hours) (Years) battery life
(years)
OGi 13,300* 18,701 16.7 0.477 0.556 1.00
Wind
profile
OPzS 44,450 31,210 -17.5 0.882 0.728 1.05
Wind
profile
OGi PV 13,300%* 16,232 9.8 0.655 0.719 0.60
profile
OPzS PV 44,450 Life cycle *k *k *k ok
profile tests not
completed

* Value based on estimated cycle to failure data
** Data is not available. Tests ongoing

It should be noted that the experimental life cycle throughput used in these
calculations are for a single battery and therefore are suspect due to the variances
usually found in different batteries. Under the framework of the Benchmarking
Project more batteries are being tested but these tests have not been completed at the
time this document is being written. Once more data sets are available this analysis
should be expanded.
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The throughput method provides a reasonable estimate of battery life although over
the life of a rural energy project, typically 20 years, the modelling error may result in
one battery bank replacement. It should be noted that there is a significant difference
in the throughput based on the different testing regimes used. In the wind case the
battery endured higher throughput before failure, possibly due to the higher currents.
Of additional interest is the difference in the results based on battery type. The
throughput method underestimated battery life in the case of the flat plate OGi
battery but overestimated the battery life for the tubular OPzS battery. More testing
will have to be conducted to determine if this is an isolated case, but if found to be
true would indicate that battery type correction factors would have to be determined
to make up for this difference in life prediction.

4.3 Recommendations on potential improvements

Options would include the addition of scale factors that could be added to account
for the lower relative damage caused by various conditions, such as the higher
throughput associated with higher current applications. More simply a scale factor
could be added to the throughput for specific battery types. Unfortunately, as stated
previously, these approaches are complicated in the absence of a method to
determine what these scale factors would be without extensive testing of the batteries
being considered or at least more testing of different battery types. Improvements
were not made to the general throughput method or the HOMER simulation
software, one of the prime analysis tools that use this approach.
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5 FhG/Risg Model

The FhG/Rise model combines a performance model and an ageing lifetime model.
This can be used as shown in Figure 8 below. It is seen how the battery model is
included in the complete system model via a battery energy storage system model.
The battery energy storage system model includes models of the battery control
system as well as the grid interface. The battery energy storage system is a
component in a power system model. The power system model models the complete
power system including its control. This determines the operating conditions of the
battery energy storage system with its own controller.

Py, Qq

Battery
Energy P.Q.
Storage System

Figure 8 Overview of FhG/Riso combined performance and battery life model

The description of the existing model is based on H.G. Puls, [13], where most
equations are derived. The original work is in the model extension and in the
validation exercise.

The fundamental equation in the FhG/Risg model is the Shepherd equation which
contains parameters that change during the lifetime of the battery to provide an
ageing profile and a degradation of the battery performance. The parameters are
influenced by various factors including depth of discharge, time at low state of
charge and Amp-hours throughput. The initial values for the parameters are obtained
from constant current charge and discharge curves, see section 3.1.4. The values of
the parameters used in the model to determine a theoretical end of life of the battery
are determined using the float life and IEC-cycle life, both of which are taken from
the manufacturer’s data sheet.

The change in parameters is calculated at every model time step according to a current
input and the factors mentioned above. Additionally, at each time step the remaining
capacity of a fully charged battery discharged at 1, (i.e. the Cjy capacity) is calculated
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and if this falls below 80% of the nominal capacity then the end of the life of the battery
is signalled. This repeated program cycle is shown in the flow diagram in

Figure 9.

Current requirement

Battery parameters

Vo X

Battery terminal < Voltage (Performance) Model
voltage

Shepherd Equation

\ 4

Calculation of factors: SOC,
time at SOC, corrosion rates,
etc

I

Ageing (Lifetime) Model

Impact of factors on
parameters

v

Remaining Capacity gq— Calculation of Remaining
Capacity

C<0.8xCy C>0.8xCy

End of Lifetime < > Change in Parameters

Figure 9 FhG/Riso Battery Model Flow Diagram

5.1 Performance model description

This section describes how the voltage model and ageing model work and how they
integrate together to form the whole battery model.

511 The Voltage Model

The voltage model is based on the Shepherd Equation, which models the terminal
voltage of a battery cell. The formulation used in the model (Equations 1 and 2)
consists of four terms the first of which is the open circuit, full charge equilibrium
voltage i.e. the voltage of the cell when it is fully charged and rested long enough for
the electrolyte to reach constant density. The second term is associated with the state

Risg-R-1515(EN) 27




of charge (SOC) of the battery. It is assumed that this term is linear with respect to
the depth of discharge (DOD). The third term represents the ohmic losses in the
battery through the use of the internal resistance, which is an aggregate value of the
various loss mechanisms which are proportional to the current. The major
contributors are the grid resistance and the resistance of the electrolyte. The fourth
term models the charge factor over voltage and is significant when the battery is very
close to being empty or full.

However, several terms are neglected including dynamic terms to model the
electrolyte diffusion and the dependence of the resistive elements to the SOC. This is
unproblematic. The dynamic behaviour of batteries is not relevant in this context and
the dependence of the resistive elements on SOC is both small and, as far as a
parameter fit for determining the constants is concerned, is taken into account by the
fourth term.

F

Ucell:Uoc_ch-chCL-'-pcMcCLC _F’ >0 Equation 1
N N ¢
Ucell:Uod_gdH-’-pdCL_'-dechCL_H’ <0 Equation 2
N N 7d
Ucent [V] terminal voltage of battery cell
F - normalised SOC (Q(t)/Cy, F <=1)
H - normalised DOD (1-F)
I [A] charge: >0, discharge: <=0
Upe, Uoa [V] open circuit full charge equilibrium cell voltage
2, d [V] electrolyte proportionality constant
Pe> Pd [QAh] aggregated internal resistance
Cxn [Ah] nominal capacity at standard conditions at the discharge
rate Iy, the 10h rate is used in the model.
M., My - charge transfer overvoltage coefficient
C, Cq - normalised capacity

The subscripts ¢ and d refer to a charge and discharge operation respectively.
Although the Shepherd equation is developed for discharge conditions it is assumed
the structure is the same for charge conditions, but with a different set of parameters.
The parameters are found from charge and discharge experiments at constant
currents as was discussed in section 3.1. In the original Shepherd-based model it was
assumed that all the model parameters are constant, both over time and independent

of operating conditions.

The voltage model is at the core of the battery performance model. It is the voltage
that is used in the control of the battery and it is voltage model parameters that are
modified as a result of the ageing modelling.

5.1.2

The Charge Transfer Model

The charge transfer model is used to calculate the SOC of the battery. The main
mechanism is that the SOC depends on the time integral of the current. However,
depending on the voltage not all the charge is stored as chemical bound charge in the
battery, but some is lost due to gassing. The higher the voltage of the battery the
more gas is developed and less of the current is actually converted to change of
SOC. The model is taken from[13]. The SOC is calculated using
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F=F

init

¢ ] .
+.[=0 Csvcl)vc dr , Isc=1-1g, Equation 3

Finit 1s the initial SOC of the battery. I, is calculated using

C
Lo = mla) exp(ey (U Uy +e; (T, =Ty)) 5 g <1 5 Uy >Uy

Equation 4

Ico A Gassing current of a 100Ah battery at nominal conditions

(UceH:UN, Tbatt:TN)

Cu V! Voltage coefficient (c,=1 1V'1)

Ct K! Temperature coefficient (ct=0.06K™")

Un vV Nominal battery cell voltage (Ux=2.23V)

Tn K Nominal battery temperature (Ty=293K)

The gassing current increases during operation because antimony is released
from the positive grid and settles on the negative electrode thus reducing the
hydrogen overpotential, which leads to the increase in gassing. It is assumed
that the gassing current increases proportionally to the increase in internal
resistance.

5.2 Ageing model

There are two ageing mechanisms that are modelled in the FhG/Risg model:
corrosion and active material degradation. An overview of the manner in which they
are handled is described in this section based on H.G. Puls, [13], where the detailed
derivations of the equations are given.

Corrosion in the model is considered as the oxidation of Pb from the grid of the
positive electrode into PbO, and PbO. This leads to a considerably lower
conductivity and lower density of the oxidised lead. The lower conductivity results
in higher resistive losses and the change in density develops mechanical stresses in
the plate grid. Some parts of the corrosion layer may flake off thus causing active
material to lose contact with the grid.

Thus corrosion results in a loss of capacity not only through an increase in internal
resistance but also due to loss of active material.

Degradation is also a loss of active material but comes as a result of a restructuring
of the active material through the discharging and charging process. With each cycle
the active material becomes more crystalline, although remaining chemically the
same, thus restricting the pores in the electrodes through which electrolyte flows and
the surface area available for the transport of ions. Another impact of the change in
structure can be the loss of adhesion of parts of the active mass, which increases the
internal resistance and can lead to it breaking away.

Hence, degradation results in a loss of efficiency of the active material and can also

lead to a loss of active material itself, both of which mean a reduction in capacity of
the battery.
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The sudden failure of a battery due to, for example, short circuiting caused by a
build-up of detached active material in the bottom of the battery container is not
modelled.

The essential basis for the ageing model is that ageing can be represented as changes
in the resistance and capacity parameter values, pq4, p. and Cq4. Furthermore, it is
assumed that the parameters at any one time can be determined by the sum of the
changes. A flow chart showing the two ageing mechanisms and how they are
integrated with the rest of the model is shown in Figure 10.
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Figure 10 Flow Diagram of Integration of Corrosion and Degradation Processes
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5.21 Modelling Corrosion

A central facet of the modelling of corrosion in the model is the concept of a
corrosion “layer”. This is a layer of lower conductivity material that is assumed to
grow over the lifetime of the battery. Its resistance is added to the overall resistance
of a new battery. The layer is a somewhat theoretical thickness because it also
includes an effect of a reduction of active material which has lost contact. The
thickness of the layer at time t is designated AW;, and AW;,;; is defined as the layer
of corrosion that has been built up at the end of the lifetime of a battery that has been
on float charge for all of its life.

The impact of corrosion on the internal resistance and capacity at any time during
the battery model simulation is proportional to the ratio of the corrosion layer at that

time to the depth of corrosion layer limit, i.e. o AW .
AVVlimit
5.21.1 Calculation of the corrosion layer

The principle for calculation of the corrosion layer is based on work by Lander, [6].
He determined that the voltage of the positive grid with respect to a reference
electrode, known as the corrosion voltage, was the key factor in assessing the rate of
growth of corrosion, the corrosion speed (k;). A derivation of his corrosion speed vs.
corrosion voltage graph is used in the model and shown in Figure 11.
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Figure 11 Corrosion speed vs. corrosion voltage (Lander)

The corrosion voltage, Uy, is calculated in the model using a form of the Shepherd
equation (Equations 3 & 4) modified to provide just the positive electrode voltage.

I M1
Uy =Upy — gH +p., 22+ 05 PeoMclpar  F s 1y >0 Equation 5

Cy cy C.-F

c
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1 M,
U,=U)y —gH +p,, 24 +05 PaoMalpan _H s Ly <0 Equation 6
’ " Cy Cy Gy —H

Where U ,?70 =1.716V, the corrosion voltage without current flow when H=0

g, =0.054V, the electrolyte coefficient voltage

Once the corrosion speed parameter has been found from the corrosion voltage,
linearized forms of the equations Lander derived for the relationship between the
corrosion speed parameter and the existing corrosion layer have been used in the
model to find the corrosion layer thickness at a specified time.
R
AW,

0.6
U, <1.74) AW, = k, -t where t’:(k—j + At Equation 7

N

U, 21.74) AW, = AW,  +k, - At Equation 8

5.2.1.2 Calculation of the increase in resistance due to corrosion

It is assumed that the loss of capacity due to the increase in internal resistance and
the loss of active mass can be treated separately.

The internal resistance at each time step is assumed to consist of the initial resistance
and a contribution from the corrosion (Equation 7).

Pai=Pao T Pry Equation 9

The increase in resistance during one simulation time step due to corrosion is taken
as being proportional to the ratio of the corrosion layer to the depth of corrosion
layer limit. The constant of proportionality is the limit of the increase of resistance
due to corrosion, P jimit-

AW, j Equation 10

limit

Pk, t = pk,limit(

The limit, py jimit , i the increase in internal resistance that is found at the end of the
battery’s life when on float charge. It is calculated by assuming that 20% of the
capacity decrease experienced at the end of life is due to increase in internal
resistance. Thus:

Pd,end = Pd,0 + Pk, limit

or
Pk, limit = Pd, end — Pd,0 Equation 11

Where pgeng is calculated by reorganising the Shepherd equation:
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M, H
pd’o—dJ — pd,0 Equation 12

C
pd,end = [_N(Ucell —Uyy + gdH)_
Ibatt

C,,—H
Where:
H= (1—(C,0s5 pr»x H,
C,ss = 0.2, loss in capacity at end of life
F, =0.2, fraction of loss of capacity due to increase in internal resistance
Ucell = U(!Wlpty i.e. 1.8V
1 batt — I 10

C,,=C, e the there is no capacity loss due to degradation.

5.2.1.3 Calculation of the loss of active mass due to corrosion

The reduction in capacity due to corrosion at any time, t, is calculated as the initial
capacity minus the capacity-reducing effect of the corrosion up until that time.

Cy,=Cao—Cy, Equation 13

The decrease in active mass during one simulation time step due to corrosion is
similarly taken as being proportional to the ratio of the corrosion layer to the depth
of corrosion layer limit.

Ck,t = Ck,limit[ AW j Equation 14

lim it
As 20% of the degradation of capacity at the end of life was due to a resistance

increase from corrosion, the degradation of capacity due to loss of active mass from
corrosion is taken as 80%. Hence, again by rearranging the Shepherd equation:

1

% PaoMH
Criimie=Cy o — | H + N 7 Equation 15
Ueen =Ugg +&:H +pg4, ~batt
Cy
Where:
H= (l - (Closs x F;))X HO
C,. =0.2, loss in capacity at end of life
F. =0.8, fraction of loss of capacity due to loss of active mass
Ut = Uy 1€ 1.8V
Ly =—1y
Pas=Payo
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5.2.2 Modelling Degradation

As explained in Section 5.2, degradation is as a result of the charging and
discharging process or simply the Ah throughput. As has been used in the corrosion
part of the model, the manufacturer’s data sheet gives the lifetime of the battery
under IEC-cycling conditions. However, this also contains some corrosion effect so
the lifetime given is too short for Ah throughput only. Hence, a corrosion-free
cycling lifetime, the number of cycles Z, is taken as:

Z=1.6xZic Equation 16

In a similar process to that in Equation 15, the value of the degradation in capacity at
the end of lifetime with Ah throughput cycling only is given by

[ .
#Pd,onH
=Cyo—| H+ N 7 Equation 17
Uen =Ugua +84H +py, —batt
Cy

deg,lim it

Where:
H=08xH,
Ucell = Uelnp[y ie. 1.8V
Loy =— 19
Par=Payo

An exponential approach, rather than a linear one as used in the corrosion effect, is
used for the relationship between the value of degradation at time t and the ultimate
limit at the end of life:

(%)

C C e Equation 18

deg,t = deg,limit

Where:

Z  Cycle life without corrosion
Z, Number of nominal cycles experienced at time t

¢, Coefficient of exponential function to determine Cyeg, (c =5)

5.2.2.1 Calculating the number of nominal cycles

The number of nominal cycles is the number of times the nominal capacity has been
discharged from the battery. This is, therefore, calculated by summing up all the
discharge Ah throughputs, subtracting gassing currents, and dividing that by the
nominal capacity.
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1 $ .
Ly, = C_ZIZ’T x At Equation 19

N 1=0

Where:

[Z :‘Ibatt -1

for I,,, <0 (discharging)

gas

1, =0 for I,, >0 (charging)

5.2.2.2 The effect of acid stratification

The concentration of the electrolyte changes as part of the chemical processes that
take place when the battery is charged and discharged. During repeated cycles a
concentration gradient can build up (top to bottom) and the battery then behaves as
several batteries of different concentrations working in parallel. Consequently, the
charge acceptance is reduced and the capacity deteriorates. In time, the concentration
gradients are levelled through diffusion but this takes a very long time. They can be
quickly removed by periods of gassing, where the rising bubbles effectively mix the
electrolyte resulting in a more homogeneous electrolyte.

The model uses two variables, £, and f,u.s, to describe the build up and breakdown
of the acid stratification. They are combined to form an overall acid stratification
factor, f;, which takes the value 1 when there is no stratification:

St = fs,o—1+ (foius — f minus)At Equation 20

The variable f,,, is determined using a Fermi distribution profile so that the build up
of stratification continues at a certain rate which decreases as the factor increases.
This reflects how the development of the stratification decelerates to reach a state of
saturation. If the cell voltage is less than the voltage at which stratification
decomposition begins (i.e. 2.3v) then f,,;,.s= 0. If it reaches or exceeds this voltage
then f,,;..s 1s described by an exponential function. The factor will then decrease
exponentially when the voltage is high to model the effect of gassing. It also
decreases linearly with time.

5.2.2.3 The effect of state of charge

The effect of the state of charge on the ageing of the battery is described by a
weighting factor, fr, which takes the value 1 when the battery is fully charged and
grows during phases in between full charges. Growth is proportional to the time
elapsed since the last full charge, ¢z, and to the lowest state of charge reached during
the phase, F,,;,. Thus:

fir =1+ (¢r.0— ¢/, min F min 7 Equation 21

Where

cro 1s the increase in frper hour at Fy;, = 0.
Crmin 18 the influence of F;, on fr.
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5.2.2.4 The total effect on the degradation

The charge throughput for a time step is multiplied by the acid stratification factor,
fi.1, to give an equivalent charge throughput that would cause the same damage
without stratification. This weighted charge throughput is then normalised by the
nominal battery capacity to give a stratification-weighted number of cycles for that
time step, AZsy:

AZs,t = ﬁ,{lzmj Equation 22
Cn
Where:
L = |Ibar — ]gas fOl" Tpar <0
=0 for Ivat>0

Then, for each time step within a cycle between full charges, this stratification-
weighted number of cycles is summated and multiplied by the state of charge factor
at the present time step. A factor of 1/(1-Cyeg,) is applied to account for the
phenomenon of accelerated degradation as the capacity of the battery decreases. This
then gives an equivalent number of nominal cycles that would give the same damage
as if there were no corrosion, state of charge impact nor capacity reduction effect.

T=t
AZs,~ :
Zent = Zen,F + fF,tz— Equation 23
T=tF (1 -C deg, T)
Where:
Zony nominal weighted cycles at the present time step, t
Zonr nominal weighted cycles at the time of the last full charge, tr
fr, state of charge factor at current time step, t
T time steps between time of last full charge, tr, and present time step t

The weighted, normalised number of cycles thus gives a representation of the
equivalent number of standard cycles that would produce the same degradation
effect as the current profile used thus far.

This can then be used to calculate the capacity degradation by substituting Zy in
Equation 18 by Z,,:

Cdeg,t = Cdeg,limite ‘ Equation 24
5.2.3 Total effect of capacity reduction

The capacity reduction due to degradation, Cg,, and that due to corrosion, Cy, are
then combined to give the capacity factor, C,,, that can be used in the Shepherd
equation to produce the battery voltage and the remaining capacity equation to
indicate how far the battery has aged.

Cyy=Cao—Cp, = Caegs Equation 25
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5.3 Improvements in the model undertaken during the
Benchmarking Project

The following changes and improvements were made to the FhG/Rise model during
the course of the Benchmarking project:

e Separation from FhG PV system lifetime model.
e Translation onto Matlab platform.

e Data input upgrade.

e Graphic plotting of detailed results.

e High(er) current mechanism modification.

e Corrosion speed profile adjustments.

e Corrosion calculation modifications.

e Low voltage disconnect.

5.3.1 Separation from FhG PV System Lifetime Model

The FhG/Risg battery model was originally part of a model, written in C++, that was
designed to evaluate the performance and economics of photovoltaic systems over
the whole life cycle of the system. One of the component models was one for lead
acid batteries. Under the Benchmarking project FhG separated the battery model
from the PV simulation software and Risg took on the task of the verification
process using the Benchmarking battery test results and lifetime prediction. It
became clear, however, that significant development work was required on the
model before it could be used for these purposes predominantly because it was no
longer being used within typical low-current PV system limitations.

There therefore followed a series of developmental improvements, mostly using the
Benchmarking battery test results, to enable the model to be used in higher current
environments.

5.3.2 Translation into Matlab

Although fast, the original code was written in C++. It was decided to translate the
model into the Matlab analysis software, [14], a more flexible working environment.
This was carried out by Risg together with a verification exercise to guarantee the
production of the same results given the same input as the C++ model.

5.3.3 Data input upgrade
The model received from FhG was designed with a front-end user interface that did

not allow a time series input of data. The Risg Matlab version was upgraded so that
data files of the test data from the Benchmarking battery tests could be handled.
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5.34 Graphical output of results

In order to facilitate analysis of the results the model was revised to store many of
the variables each time step and to produce time series plots.

5.3.5 High current mechanism

Initial model results seriously under predicted the lifetime of the battery.
Furthermore, it could be seen that the Ah-weighting factor, discussed in section 5.2,
was very large at high currents and was having a disproportionate effect on the
lifetime calculation. As the model had only previously been used in photovoltaic
systems, where current values are much lower, this effect had not been seen in the
model before.

To attempt to address this problem a factor was introduced that calculated the
average discharge current over a 36 hour period and was used to modify the effect of
the Ah-weighting factor. This was implemented by summing the discharge Ah-
throughput at each time step for the previous 36 hours and dividing this by the sum
of the time steps that a discharge current occurs. Thus obtaining an “average”
discharge current as follows:

t
qum = Zlﬁ)zctorAz

=(r-36/at
Where Ifacmr = ]batt lf Ibatt <0
factor = 0 l]( Ibatt 20
!
Tmm = ZA tfact()r
1=(-=36/At)

Where tfactor = At lj{ 1 batt <0
tfactor =0 lf‘ [batt >0

Then
factoraverage T

This average current is then used to provide a “current factor” which takes the value
1 if the average current is small (I, chosen), 0.1 if the average current is high (I
chosen) and varies in-between for other currents. This also provides a method of
tuning whereby the definition of a “high” current can be adjusted so that the impact
of the current is correct.

.01
0016y Equation 26

f currentfactor —
factoraverage

This factor is then used to modify Equation 20 so that the Ah-throughput
factor is adjusted according to the average current:
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fs,t = fs,t -1+ (ﬁzlus — fmin us)At J(currentfactor Equatlon 27

Trial simulation runs showed that this had the desired effect on reducing the rate of
the capacity degradation when discharge currents were high.

Some further work is required to tune the averaging period (36 hours is somewhat
arbitrary and not related to any known physical processes within the battery), and the
multiplying factor in Equation 23 could be refined according to the magnitude of the
average current.

5.3.6 Low voltage disconnect

The model calculates the corrosion impact depending on the positive electrode
potential and the corresponding corrosion speed. It could be seen that at high rates of
discharge the battery model would frequently drop the voltage, and hence positive
electrode voltage, down to 0.3V. This was displacing the spread of positive electrode
voltages into a region of higher corrosion. A low voltage threshold was thus
introduced that disconnected the battery whenever the voltage dipped below 1.75V.
This, however, also increased the modelled impact of corrosion because the
corrosion rate at 1.75V is much higher than at 0.3V (see Figure 11). This was not the
expected result of implementing the controller. However, as the low voltage
controller for the test batteries did not have to operate until quite some time into the
battery’s life, it meant that there was still some other mechanism that the model was
not representing correctly.

Nonetheless, it was decided to keep the low voltage controller in as operation of a
battery below 1.75V is not good practice and this is the reason for battery voltage
controllers being used in real systems.

5.3.7 Corrosion calculation modification

5.3.7.1 Modification of the Corrosion Voltage Equation

Investigation of the corrosion voltage equations (Equations 5 & 6) highlighted a
concern over the use of a factor of 0.5 only for the charge factor overvoltage term in
calculating the positive electrode voltage. The equations were changed to reflect a
better voltage distribution between the positive and negative electrodes.

1 1 c MCIa F
Uy = UI?,O - %ng +0.5p,, 405 Pes = s 1y >0 Equation 28

Cy c, C.-F

c

I M,I,,
U, =Up, - % gl +0.5p,, -2t +05 P “’Cd et - H_ I
N N d.t

, 1y < 0Equation 29

The factor 10/13 was derived as follows: A typical change of the open circuit voltage
from fully charged to 100% discharged is 130mV. Approximately 100mV of this
change can be attributed to the positive electrode and 30mV to the negative
electrode.
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5.3.7.2 Calculation of Corrosion Thickness Limit

In order to calculate, AW, , the original model used the same corrosion speed
parameter value for a battery on float voltage for all batteries, independent of their
particular characteristics.

It was decided to calculate a corrosion speed parameter that would reflect the
particular battery in use. Firstly, the float current, /4,4, that is necessary to keep a
fully charged battery at 2.3V is calculated using a rearranged Shepherd equation with
F=1,

C'N
Mc

1
1l+———<
pc,o( " CN (Cc _1)

float = J : (Uﬂom _U()jc) Equation 30

Then the /p,, is taken to calculate the voltage of the positive electrode from the
above equation for the corrosion voltage during charging:

U

k, float ,new

[ oa. ' c M, .
= U, + 05 L« Peo |14 Me Equation 31
: C, C -1

The corrosion speed parameter, ;, corresponding to this corrosion voltage is
obtained from Figure 11 and then used to calculate the corrosion layer limit:

AW iy =€, Lggo, K Equation 32

Where C 365x24 [hrs]
Lgye,  Float lifetime in years

5.3.7.3 Calculation of Internal Resistance Limit

A revision was made to the calculation of the internal resistance limit (Equation 12)
so that the internal resistance limit at the end of life is calculated with respect to the
initial capacity of the battery rather than the nominal capacity. This means that Hy*
(the DOD for a full discharge of the initial battery) rather than H, (the DOD for a full
discharge of the nominal battery capacity) is used in Equation 12.

5.3.7.4 Revised Relationship for Growth of Corrosion Parameters

To reflect the reduction in the rate of increase of corrosion as a battery ages the
relationships in Equations 10 and 14 have been updated from a proportional one to
the following exponential which is intended to reflect the inherent slowing down of a
corrosion process with increasing age:
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AWt

Pri = Primit2-|1-e Equation 33

2. 1—e@m Equation 34

5.4 Parameter estimation

To allow for the analysis of the test data parameters were identified for each battery
as was discussed in section 3.1.

5.4.1 Parameter fitting methodology

Parameters were required to fit the following version of the Shepherd equation:

1 pc OMchatt F
1,y >0) Uy = U, — g.H + B ’
( batt ) cell Oc gc pc,t CN CN C _

c

Equation 35
F

and

Ibatt + pd,OMdIbatt H
C'N C'N Cd,t_

([batt < 0) U

et = Upa = 84H + py, Equation 36

where:

Voltage at full state of charge

Electrolyte coefficient of the cell voltage parameter
Depth of discharge -
Internal resistance parameter QAh
Current A
Nominal battery capacity Ah
Activation polarization voltage coefficient -
Capacity coefficient -
State of charge (F = 1-H) -

(=}

O~ mee C

Z

’TJ(')Z

Initial value

Value at time t

c Charging parameter

d Discharging parameter

- o

The process of fitting of the parameters to the test data is described below:
e Some parameters are constrained by physical limitations of their

representation by the Shepherd equation (for example C. > 1 otherwise the
battery will not charge to 100% SOC).
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e A Matlab script was developed to read in the test data, allow the user to
choose the points to fit and then to fit a curve to those points. The function
used was a least squares fit.

e An Excel spreadsheet was then used to fine tune values by eye and expert
opinion.

5.4.2 Parameter fitting results

The data for the parameter fitting has been taken from tests carried out by ISPRA.

5.4.2.1 OGi Battery

The OGi battery proved difficult to fit for the discharge curves. The results are
shown in Figure 12.

OGi Parameter Fitting: Discharge
UDd = 2,18, gd = 0.09952, thod = 063902, Md = 004642, Cd = 1.95

25

24

T TestData ks

-{ ——I5Fitted

_] —a—Test Data 110
10 Fitted

-1 —=—Test Data 110a
"} —e—Test Data 110b
-{ ——0aFitted

'] ——0b Fitted

. Test Data 120
i —— 20 Fitted

23

¥
X}

Voltage ()

&)

0 5 10 15 20 25 a0 35 40
Time (h)

Figure 12 OGi Parameter Fitting: Discharge

As can be seen, none of the curves is very well fitted despite numerous fitting
attempts. As part of an investigation to find out why this was the case, the same
basic data was plotted but by Ah-throughput rather than time. Figure 13 shows a
comparison for four OGi discharge curves all carried out from a full state of charge
condition. “IS ISPRA” was carried out for the purpose of producing an I5 discharge
curve. “I10a ISPRA” was carried out next to ensure an empty battery prior to an I5
charge. The “I10 ISPRA” curve is the next chronological test carried out to produce
the 110 discharge curve and finally “I10b ISPRA” was done to discharge the battery
prior to an 110 charge test. Thus all the discharges represent a discharge from full to
the same voltage stop point. From this two things can be seen: 1) that the real
capacity of the battery was developing as the tests were being carried out, and 2) that
the same capacity was achieved with an I5 discharge and the first [10 discharge.

42 Risg-R-1515(EN)



Voltage (V)

Starting voltages

QGi I5&110 Discharge
10k ISPRA = 2.236Y

25 ﬁ?é 110 ISPRA = 2.218Y

110a ISPRA =2.216%

: I5 1SPRA = 2.185v ; | ; ; |
PR e booooosees e it ronmmee pronnm e eemmmnaes drommmeeeees

205 -
B ISPRA
—— 1D ISPRA
1.95 1 10a ISPRA,
10k ISPRA

1.85 1

175 1

168 ; ; ;
0 10 20 30 40 50 60 70 80 a0 100
Charge Throughput (Ah)

Figure 13 Comparative Charge Throughput for OGi Discharges

This lack of consistency is a large contributory factor in being unable to achieve a
good fit for the discharge parameters. Nonetheless, a set of parameters was achieved
that represented the best combination of the poorly fitted curves.

The charge curves, however, were fitted easily by the method described above and
Figure 14 shows that the parameters are well fitted.

OGi Parameter Fitting: Charge
UOc =223, go = 012413, rhoc = 0.32086, Mc = 0.88761, Ce = 1.001

25
24 |
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Figure 14 OGi Parameter Fitting: Charge

The parameter values found for the OGi battery are shown in Table 5.
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5.4.3

Table 5 Fitted OGi Shepherd Equation Parameters

Ugg 218V
U 223V

o 0.09952 V

g 0.12413 V
Pod 0.69902 QAh
Poc 0.39086 QAh
Cx 54 Ah

My 0.04642

M. 0.88761

Cq 1.95

C. 1.001

OPz battery

In comparison to the OGi battery, the OPz battery parameters were relatively easy to
fit for both discharge and charge sequences. Figure 15 and Figure 16 show the
discharge and charge fitting curves respectively.
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OPzS Parameter Fitting: Discharge
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Figure 15 OPz Battery Parameter Fitting: Discharge
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OPzS Parameter Fitting: Charge
U0 =226, gc =0.13071, rhoc = 0.43609, Mc = 0.36488, Cc = 1.001

Voltaye (V)

—+—Test Data 15
——|5 Fitted
—a— Test Data 110
10 Fitted
—— Test Data |20
—— |20 Fitted

The parameter values found for the OPz battery are shown in Table 6.

Figure 16 OPz Battery Parameter Fitting: Charge

Table 6 Fitted OPz Shepherd Equation Parameters

Time (h)

Ugg 21V
Usge 226V

g 0.09654 V

g 0.13071 V
Pod 0.37885 QAh
Poc 0.43609 QAh
Cx 50 Ah

My 0.28957

M. 0.36488

Cq 1.642

C. 1.001

5.5 Comparison with measurements/test results for validation

Although the FhG/Risg model uses the ageing factors to calculate the impact on the
performance, it makes it easier to understand if the performance and ageing are
considered separately when analysing the function of the model. The following
results come from the CRES tests, putting one of each battery type (OGi and OPz)

through each of the profiles (PV and Wind) described in section 3.2.

5.5.1

Performance

In order to look at only the (voltage) performance of the model, it is necessary to
limit the discussion to just the initial part of the battery tests where the influence of
ageing on the battery parameters is minimised.
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The voltage response to the initial cycling procedure carried out to “exercise” the
OGi battery prior to the PV profile test is shown in Figure 17. It should be noted that
the model battery had a voltage controller limiting the voltage to 2.45V whilst the
test battery was operating uncontrolled. Up until 2.45V, the voltage appears to be
quite well replicated by the model, although it is expected that this would be the area
of model’s best performance as the initial cycling is carried out at I10 currents, the
current level that the model is built upon. It can also be seen that the model voltage
during charge fits better than during discharge, which is to be expected as this is
where the battery parameters fitted best.

OGi1 Detail Voltage Plot of Initial Cycling Procedure

Test Voltage

Voltage

L - — 41— —

=)

Time (days)

Figure 17 OGil Detail Voltage Plot of Initial Cycling Procedure for the PV Test
Figure 18 shows the voltage performance during a section of the first PV profile test

for the same OGi battery as described above.

0OGi1 Detail Voltage Plot from First PV Profile Block
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Figure 18 OGil Battery Detailed Voltage Plot in First PV Profile Block

46 Risg-R-1515(EN)



Most notable is the over prediction of the voltage swings during charge and
discharge parts of the cycle. That is, the model tends to over predict the voltage
during charging and under predict during discharging. This implies that the internal
resistance term is somewhat high. It is also worth pointing out that the model voltage
is similar from cycle to cycle whereas the test battery changes. Although further
investigation is required one possible explanation is that the capacity performance
changes that occur with acid stratification are not accounted for in the model (the
capacity influence is only seen in the ageing process) whereas this is reflected in the
test battery as a change in the voltage profile from one cycle to the next.

For the OPz battery, the respective plots are shown in Figure 19 and Figure 20.

OPz3 Detail Voltage Plot of Initial Cycling Procedure
2.7

— Test Voltage
—— Model Voltage

26 B - —

25

Time (days)

Figure 19 OPz3 Battery Detail of Voltage From Initial Cycling Procedure

The initial cycling procedure (Figure 19) again looks reasonable although slightly
worse on the charge sections than the OPz battery. However, attention should be
drawn to the longer discharge starting at approximately day 14 which is a low
current discharge (approx 1100) and this illustrates how the model is not good at
simulating currents that are far away from I10. In this case the test battery voltage
holds up better than the model as it is characteristic of lead-acid batteries that the
effective capacity is higher at lower discharge rates.

The section taken during the first period of the wind profile test is shown in Figure
20 and shows that the OPz simulation responds better than the OGi. However, it is
noticeable that the model now tends to under predict at higher charge/discharge rates
and over predict at lower discharge rates. This would imply some current sensitivity
is required.

Risg-R-1515(EN) 47



OPz3 Detail Voltage Plot from First Wind Profile Block

Voltage
- —"FF—-"—"—+t - =——+4 - = -7

Time (days)

Figure 20 OPz3 Battery Detail Voltage During First Wind Profile Bloc
5.5.2 Lifetime, degradation and aging

The lifetime results of the latest simulations are shown from Figure 21 to Figure 28.
Each figure gives three plots:

1) Remaining capacity and state of charge. The remaining capacity is calculated by
the model at the end of each time step and the plot shows the overall effect of
the development of the ageing process during the battery’s lifetime. For
comparison, the capacity of the corresponding battery under test at CRES has
been plotted. This capacity is measured at the end of each period of cycles. The
plot also shows the time trace of state of charge that the model predicts.

2) Model voltage. The cell voltage as calculated by the model is plotted at the start
of each time step.

3) Battery current. This shows the current in and out of the model battery in
comparison to the test battery. Although there are differences between the
model and the test due to discrepancies in the model parameters, it is likely that
the battery controllers also work in different ways, giving rise to a difference in
the currents.

As an accompaniment to each of the main figures there is also a plot of the capacity
factors that are used within the model. These show the development of the various
mechanisms modelled by the simulation that go to make up the decline in capacity
over the lifetime of the battery. The key for these capacity factors is as follows:

Cdges Remaining discharge capacity coefficient (Cgges = Cq — Caeg — Ck = Cay)
Cd Initial discharge capacity coefficient
Cdeg Capacity coefficient reduction from degradation process

Ck Capacity coefficient reduction from corrosion process
rdges Internal resistance (rdges = pqy)
rk Increase in internal resistance from the corrosion process
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5.5.2.1 OGi1 PV Profile

The results for the lifetime simulation of the OGi battery with the PV profile are
shown in Figure 21.

0Gi1 Cell Peformnarnee Fats. PV Prfile Sirnd stion Results
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Figure 21 OGil Battery PV Profile Results

It can be seen clearly from the top diagram in Figure 21 that the model overestimates
the lifetime of the battery in comparison with the test battery results. There could be
many reasons for this and these are discussed in the summary of results in section
5.5.2.5 and the findings section 7. The middle diagram shows the voltage of the
model battery, whilst the bottom diagram shows the test battery current in blue and
the model current in green. The enlargement shows that the test current is plotted as
continuing throughout the model simulation for comparison only. In this way it
highlights the action of the two battery controllers. It should be noted that it appears
that the battery controller in the model has unexpectedly intervened at around 210
days to reduce the charging current. It is suspected that there is some error in the
input data and should be checked. However, the model does show a decline in
capacity during the lifetime and the contribution of the various capacity factors is
shown in Figure 22.
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Figure 22 OGil Battery PV Profile Capacity Factors

This shows that the greatest contribution to the reduction in capacity is degradation
with corrosion only taking a small part.

5.5.2.2 0OGi2 Wind Profile

Figure 23 shows the same type of battery subjected to the wind profile test. Again,
the model over predicts the lifetime. The current profile plot shows that the model’s
battery controller is reducing the charging current after approximately 120 days.
Looking at the bottom diagram in Figure 23 it is noticeable, however, that that there
is a rejuvenation effect in the model from the intermediate capacity tests. This can be
seen from the ability of the battery model to accept the full charging current
immediately after a capacity test whereas before a capacity test the battery controller
had to cut in to limit the charging current.

0Gi2 Cell Performance Plots. Wind Profile Simulation Results
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Figure 23 OGi2 Wind Profile Simulation Results

The capacity factors shown in Figure 24 indicate that, as expected, the corrosion
plays an even smaller part than with the PV profile merely because the lifetime is
shorter and the corrosion layer has had less time to grow.
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Figure 24 OGi2 Wind Profile Simulation Capacity Factors

5.5.2.3 OPz1 PV Profile

The results from the battery type OPzS PV profile simulation are shown in Figure
25. The battery under test at CRES had not, however, failed at the time of the

OPz1 Cell Performance Plots. PV Profile Simulation Results
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Figure 25 OPzS Battery PV Simulation Results

simulation and it is difficult to make a truthful comparison. This is particularly
difficult to extrapolate the test results as it appears as if the battery has recently just
gone through a period of conditioning i.e. the capacity has actually increased, a
common feature of lead-acid batteries. It is also worth noticing that the battery
controller has not had to limit the charging current with this battery and profile. Once
again, the capacity factors are shown in Figure 26.
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Figure 26 OPz Battery PV Simulation Capacity Factors
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5.5.2.4 OPz Wind Profile

Figure 27 shows the OPzS battery simulation and test results from the wind profile.
The predicted lifetime is, once again, longer than the test shows. The remaining
capacity plot does not show the conditioning effect of the battery as it is a process
not modelled in the simulation.

OPz3 Cell Performance Plots. Wind Profile Simulation

Percentage

i
— Remaining Capacity

— SoC

* Test Battery Capacity

Voltage (V)

— Tesl Current ||
—— Model Currenl

H

1/ |

Current infout of battery string (A)

1 |
il i L \ | \ |
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
Time(days)

Figure 27 OPz3 Battery wind Profile Simulation Results

The controller in the battery model has restricted the charging current after
approximately 210 days. It appears that the regenerative effect of the capacity tests is
not as marked as with the OGi batteries because the battery model controller cuts in
sooner after the intermediate capacity test has ended.

Once again, Figure 28 shows that the degradation has a much larger contribution to
the reduction in capacity compared to the corrosion.
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Figure 28 OPz3 Battery Wind Profile Simulation Results
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5.5.2.5 Summary of Results

A summary of the results both model simulation and the battery lifetime tests is

given in Table 7.
Table 7 Summary of Simulation and Test Results

Battery & Profile Simulation | Test Lifetime

Lifetime (approx days)
(days)

OGil PV 660 239

0Gi2 Wind 425 174

OPzl1 PV 830 600+*

Opz3 Wind 633 400*

* = estimated lifetime(test not yet complete)

It can be seen that the present model significantly over predicts the lifetime of all of
the batteries in all of the tests.

However, the model does correctly predict that the wind profile is harsher than the
PV profile, although this is to be expected simply because the wind profile has a
higher Ah throughput than the PV. It also correctly predicts that the OPz battery will
last longer than the OGi battery, under both PV and wind profiles.

It should be noted that the test lifetime of the OGi battery was markedly shorter than
would have been predicted from comparing the respective IEC-cycle lifetimes with
the OPz battery. That is, if the OPz battery lasts 420 days under the wind profile
cycling then using the IEC-cycle ratio of 1200 (OPz) : 1000 (OGi) then it would be
expected that the OGi battery would last 350 days. However, it only managed about
half that at 174 days. There is clearly a mechanism at work that is not exercised by
the IEC profile. As the model uses IEC-cycle data for basic parameters it is not a
surprise that the simulation results do not mirror the lifetime ratio of the test
batteries. This is confirmed by the ratios shown in Table 8.

Table 8 Summary of Results with Ratio Comparisons

Profile Test Batteries Ratio Simulation Ratio
Type

0Gi OPz 0Gi OPz
IEC 1000 1200 1.2 2001 2500 1.2
PV 239 700* 2.9 660 830 1.3
Wind 174 400* 2.3 425 633 1.5

* = estimated lifetime(test not yet complete)
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6 UMass Model
6.1 Model description

The UMass battery model, also known as the Kinetic Battery Model, consists of all
three battery models discussed previously; a capacity model, a voltage model and a
lifetime model. The models are a mixture of a physically based underlying structure,
using constants determined from test data. The capacity model is based on the
assumption of a first order chemical rate process. The voltage model is based on the
adaptation of the Battery Energy Storage Test (or “BEST”’) model, in combination
with capacity estimates from the capacity part of the model. The lifetime model was
initially based on the assumption that the number of cycles a battery can tolerate is a
function only of the depth of discharge of the cycles. The lifetime model was
adapted to be able to consider random cycling patterns by using a rainflow cycle
counting routine. The cycle counting algorithm used is the one commonly used in
predicting fatigue damage of materials.

The capacity and voltage portions of the model rely on the assumption that the
battery can be considered to be a current source in series with an internal resistance,
Ry, as illustrated in Figure 29 below. The voltage of the current source is £, whereas
the voltage at the battery terminals is V-

Ro +

Figure 29 Simple Battery Model Equivalent Circuit

The terminal voltage is then given by:

V=E-IR, Equation 37
The original capacity model was described in Manwell and McGowan (1993), [16].
The development of the voltage portion is described in Manwell and McGowan

(1994), [17]. The entire battery model in its most recent form, including the original
lifetime portion, is described in the Hybrid2 Theory Manual, [2].
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6.2 Improvements in the model undertaken during the
Benchmarking Project

The battery model that was used as a starting point for the Benchmarking Project
was the form that had been implemented in Hybrid2 software, [2]. The original
theory was, however, somewhat more comprehensive than that actually coded into
Hybrid2. Accordingly, part of the work described below involved separating the
battery model from Hybrid2 and then giving it its full capability, before adding new
features.

The work completed under the Benchmarking Project included the following tasks:

e The battery model was separated from Hybrid2, and a free-standing version
of same has been prepared. The working name of this model is
“KiBaMBatteryModel.exe”.

e A computer code capable of estimating model parameter has been written.
This is a separate piece of software, which uses data from constant current
charge or discharge tests to estimate the three capacity constants and the
eight voltage constants. The working name of this code is
“BatteryParameterFinder.exe”.

e The rainflow cycle counter has been enhanced to allow the mean of the
cycles to be accounted for as well as the cycle depth. Lifetime predictions
can now be done by taking into account these means. Since relevant
lifetime data is typically not available, an estimation method has been
suggested which allows adjusting the predictions.

e The rainflow cycle counter has been further investigated to allow charge or
discharge rates to be accounted for as well as depth and cycle mean. The
results have been very promising to date, but the final form of this counter
has not been completed. It must be noted that even when it is completed, it
will only become generally useful when more test data relating battery life
to charge or discharge current is available. Modifications to the rainflow
cycle counter are described in more detail below.

6.3 Parameter estimation

Each of three parts of the UMass battery model requires some experimental data to
estimate the parameters.

6.3.1 Capacity Model

The capacity model, which describes the capacity as a function of current, ¢g_. (),
is of the following form.

(I) Qmax,O kCT
T - l—e ™ + c(kT -1+ e’kT)

Equation 38

The capacity model has three constants:

9 max0 = Maximum capacity (at infinitesimal current), Ah

k = Rate constant, hrs~1
c = Ratio of available charge capacity to total capacity, -
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The three constants, 9max,0, k£ and ¢ may be found by non-linear curve fitting routine

from test data. The required data in this case is battery capacity as function of charge or
discharge current. The data must be obtained from constant current charges or
discharges.

A typical capacity vs. current curve is illustrated in Figure 30 below

Capacity vs.Current

100
90
80 -
70 +
60 -
50 +
40
30
20
10

Capacity, Ah

Current, A

Figure 30 Typical Capacity vs. Discharge Current Relation

6.3.2 Voltage Model
The voltage model is of the form:

E=E,+AX+CX/(D-X) Equation 39
where

E, = Fully charged/discharged internal battery voltage (after the
initial transient)

A = Parameter reflecting the initial linear variation of internal
battery voltage with state of charge. "A" will typically be a
negative number in discharging and positive in charging, but it
need not be so.

C = Parameter reflecting the decrease/increase of battery voltage
when battery is progressively discharged/charged. C will
always be negative in discharging, positive in charging.

D = Parameter reflecting the decrease/increase of battery voltage
when the battery is progressively discharged/charged. D is
positive and is normally approximately equal to the maximum
capacity. However, the nature of the fitting process will
usually be such that it will not be exactly equal to that value.

X = Normalized maximum capacity at the given current.
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The normalized maximum capacity, X, in charging is defined in terms of the charge in
the battery by:

X=q/q,.,.U) Equation 40
In discharging, X is defined in terms of the charge removed by:

X = (e (D) = 4)/ @ () Equation 41
The voltage model reflects the observations that terminal voltage depends on:

1) State of the battery (charging or discharging)

2) State of charge of the battery

3) Internal resistance of the battery

4) Magnitude of the charging or discharging current.

The values of the eight voltage parameters (four each for charging and discharging), £,
A, C, D may be found using a non-linear curve fitting routine. The required data is
voltage vs. time for constant current charges or discharges. At least four sets of tests are
typically used for either charging or discharging. Examples of how constants are
obtained are provided below.

6.3.3 Lifetime Model

The lifetime model uses a double exponential curve fit to commonly available cycles
to failure vs. cycle depth data. The equation used is of the following form:

Cr=a,+a,e ™ +a,e™" Equation 42
where:
C. = Cycles to failure
a; = Fitting constants
R = Range of cycle (fractional depth of discharge; normalized using
Gmas0)-

Because battery state of charge does not typically follow a regular cycling pattern, a
cycle counting algorithm is used to identify cycles. The cycle counting portion of
the lifetime model is based on that proposed for material fatigue by Downing and
Socie (1982), [18], and is known as rainflow cycle counting. A two-step approach is
applied to a state of charge time series. First, an algorithm is applied to identify
relative high and low points (peaks and valleys), resulting in a new, and shorter, time
series. Then a second algorithm is applied to the time series of peaks and valleys to
find the individual cycles. After the cycles have been identified they are counted into
bins. The bins correspond to different depths of discharge, with the final bin
corresponding to complete discharge and recharge from a full battery. The total
discharge range is divided into equal size bins, and at least 20 bins are typically used.
The present form of the cycle counting aspect of the model is described in more
detail below.

6.3.4 Modified Rainflow Cycle Counter
The modified rainflow cycle counter identifies individual cycles in a time series in

the same way as the original cycle counter. In the modified counter, the mean SOC
of each cycle is determined from the average of the values of the points at the
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maximum and minimum of the cycle. The mean of the cycle is stored in a vector,
together with the range of SOC for each cycle. These values are then used in a two
dimensional binning procedure to give the number of occurrences of various values
of ranges and means within a specified range. For tracking cycle discharge rates, the
time step of each peak and valley identified in the initial part of the algorithm is
saved and carried along with the value of the peak or valley. This allows the time
elapsed in both the charging and discharging part of the cycle to be calculated. With
the change in charge and the time elapsed it is possible to calculate the average
charging or discharging current. At present, the discharging current is calculated and
saved. With this, a three dimensional binning can be performed. For convenience
this may be displayed as histograms in either of three different spaces: cycle range,
cycle mean, and rate of discharge. Examples are provided below.

In the modified battery lifetime model, adjusted constants can presently only be

obtained by inference, using actual test results in combination with simulations.

Note that at this point, only the means (in addition to the ranges) are considered-
discharge rates are not presently used.

The method for including the effect of mean cycle depth is as follows. It is assumed
that (1) lifetime data supplied by a manufacturer is based on cycles starting with a
full battery, (2) the effect of lower mean cycles (i.e. cycles starting when the battery
is already partially discharged) varies linearly from the lowest possible cycle mean
(for cycles of given magnitudes) to that of a cycle starting and ending full, and (3) a
reasonable low mean reference life is given by a straight line, whose magnitude, Cr g
is constant and equal to the asymptotic lowest life in the original curve. Then, a new
lower limit life curve can be found such that:

Cp,=F (CF —Crr )+ Crr Equation 43

where F is a life curve adjustment factor between 0 and 1.

The new curve corresponds to the cycles to failure for any cycles that go between
fully discharged and some higher value. Three typical curves are illustrated in
Figure 31.

1400 — Original Life Curve

1200 —
(0]
E
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'-('5 Lower limit
s Life Cune X
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>
(@)
600 —
Reference Line
400 — _
| [ [ | | 1
0.0 0.2 0.4 0.6 0.8 1.0

Depth of Discharge (%)

Figure 31 Sample Original and Lower Limit Cycles to Failure Curves. The original life
curve gives the number of cycles which can be carried out starting from a full battery
and the lower limit life curve gives the number of cycles which can be carried out when
each cycle reaches the lowest possible SOC during a cycle
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The two upper curves are used by identifying the actual mean, m,.,, the highest
possible mean, m;,;g,, Which is starting from a fully charged battery, and the lowest
possible mean, my,,, which is a cycle where the discharge event ends with a
completely discharged battery, for each cycle. Consider a cycle with range R;. The
highest normalized mean is 1-R/2. The lowest normalized mean is R;/2.

The adjusted cycle to failure for this cycle, Cy, is given by:

A

C.=Cp —[CF —CF’L][(I—Ri 12 =m0 /G o )/(I—Ri )] Equation 44

Note that the value of F is obtained by applying the above equation in such a way
that the predicted lifetime is equal to that of the test data. Thus the predicted result
can be as close as desired to the test data, provided that an F' can be found that fits
within the expected range of 0-1. The supposition then is that the resulting lower
limit curve and original curve can be used in subsequent simulations and give results
that are closer than they would be, assuming that only the original curve were used.

6.3.5 Determination of Constants

The following example illustrates the determination of constants for the OPzS
battery.

6.3.5.1 Capacity and Voltage Constants

Voltage vs. charge removed data for constant current discharge tests are illustrated in
Figure 32. The figure is a screen from the input data section of
BatteryParameterFinder.exe. Note that charge removed is obtained from elapsed
time multiplied by the current. The corresponding charging curve is shown in Figure
33.
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Figure 33 Voltage vs. Charge Added for OPzS Battery

A screen from BatteryParameterFinder.exe illustrating determination of charging
voltage constants is shown in Figure 34. The corresponding screen for discharging
voltage constants is shown in Figure 35 and the screen for capacity constants is
shown in Figure 36.
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Figure 34 Determination of OPzS Charging Voltage Constants
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Figure 35 Determination of OPzS Discharging Voltage Constants
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Figure 36 Determination OPzS Capacity Constants
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6.3.5.2 Lifetime Constants

The lifetime constants for the OPzS battery were found from data provided by the
manufacturer. The 5 constants obtained were: a; = 1380.3, a, = 6833.5, a; = 8.750,
a,;=6746.5,a;=6.216.

A curve based on those constants, and the points used to obtain those constants are
illustrated in Figure 37.
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Figure 37 OPzS Battery Life Data and Derived Curve

A screen illustrating input of battery lifetime data for BatteryParameterFinder.exe is
shown in Figure 38. A screen illustrating the two curves used in the modified cycle a

counter, also as found by BatteryParameterFinder.exe, is shown in Figure 39.
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. Battery Model - OPz5 basic simulation parameters. dat
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Figure 38 Battery Lifetime Data Input Screen
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= Battery Model - OPzS basic simulation parameters. dat
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Figure 39 Battery Lifetime Data and Curves

6.4 Simulations

Simulations were carried out to compare the model’s predictions with experimental
results obtained in the Benchmarking tests. The simulations were designed to mimic
the physical tests. Two types of batteries were modelled, the 12 V 2 OGi 50 and the
12 V 1 OPzS 50 using the two renewable system profiles discussed previously. Each
battery was loaded with two types of charge/discharge patterns, one representing
typical loading in systems with wind turbines and the other representing PV systems.
Summary results are described in the next section.

Examples of one set of simulations, focusing on the histograms provided by the
modified cycle counter, are shown in the screens in Figure 40 to Figure 42. The
screens are from KiBaMBatteryModel.exe. The histograms are in the lower left
corner of the screens.
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. Battery Model - OPz5 basic simulation parameters. dat
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Figure 40 Occurrences of Cycle Depth Range
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Battery Parameters

= Battery Model - OPzS basic simulation parameters. dat
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Figure 41 Occurrences of Cycle Mean Values
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. Battery Model - OPz5 basic simulation parameters. dat
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Figure 42 Occurrences of Rate of Discharge

6.5 Comparison with test results for validation before and after
model improvements

Table 9 summarizes the experimental results and those of the simulations. The
experimental results are shown in the first column and the simulations using the
original battery life model in the second column. The third column shows the results
of the simulation, using the improved lifetime model. The third column in the first
two rows (wind profiles) show the results, assuming the best value of F’ considered.
As expected the predicted lifetime is very close to that observed as a result of fitting
the parameter F to the curve. The second two rows illustrate predictions for the PV
profiles.
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Table 9 Comparison of Experiments and Simulations

Experiment | Original Improved Life Curve
Simulation Simulation Adjustment Factor

OGi Wind 0.33 0.72 0.33 0.043

profile

OPzS Wind 1.0 1.74 1.0 0.11

profile

OGi PV profile | 0.66 1.24 0.62 0.043

OPzS PV N/A** 2.89 2.05 0.11

profile

**Data is not available. Tests are still running after 8§ months (for OPzS - Nico
Peterschmidt’s thesis p 50), as of the current date (December 16, 2004)

The first thing to be noted from the above example is that it was indeed possible to
adjust the factor /' so that it is in the physically expected range and that the
simulation model could predict the battery life in the wind profile case. Using the
same adjustment factor, the simulation model was able to predict a shorter lifetime
in the PV profile case than it did without the adjustment factor, as it was hoped it
would. The predicted PV life was about half that of the original prediction in the
OGi PV profile and about 70% of the original prediction in the case of the OPzS PV
profile. The improved prediction for the OGi PV profile is very close to that actually
observed. Since the OPzS PV profile experiment had not been concluded as of the
time of this writing, no conclusions can be drawn about the accuracy of the model
for that case.

The reason for a separate determination of the fitting factor F for OGi and OPzS
batteries might be the different design of the batteries. OPzS batteries are more
robust against cycling due to the inherent design principle of their tubular plates and
thus a higher factor F should be expected and has been determined
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7 Discussion of findings

The basic findings regarding the three battery models dealt with in the benchmarking
project are that the approaches used each in their own way continue to provide
valuable insight in and information about the functioning of batteries in hybrid
energy systems. Modifications to the two primary models have enhanced their
usability and appear to have improved their ability to predict battery lifetime.

A summary of the overall results is presented in Table 10 below.

Table 10 Summary of the Overall Results

Battery & Profile Ah UMass FhG/Rise | Test Lifetime
Throughput Simulation Simulation
Model Lifetime Lifetime (days)
(days) (days) (days)
0Gil PV 262 241 660 239
0Gi2 Wind 203 120 425 174
OPz1 PV - 748 830 600+*
Opz3 Wind 266 365 633 400*

* = estimated lifetime(test not yet complete)

During the model development and verification in the Benchmarking project a
number of common battery model related findings and observations were made. The
most important issues raised in this context were:

e The results of the model simulations correctly ranked the lifetime of the
batteries with respect to the expected outcome of the profiles. That is to say,
the wind profile was harsher than the PV and the OPzS can withstand more
cycles before failure than the OGi.

e The models use information from the manufacturer’s data sheets but the
relative performance of the test battery types was not as would be predicted
from the data sheet figures. For instance, based on the IEC cyclic data it
would be predicted that the life performance of the OGi battery would be
slightly shorter than the OPzS battery, however the actual life was much
shorter. This may indicate that the damage mechanisms exercised by the test
profiles were significantly different from those exercised by the standard
manufacturer’s tests. Further tests are needed to isolate damage mechanisms
so that modelling of these mechanisms can be verified.

e Another explanation for the mismatch in the comparison of the
manufacturer’s data with the test results may be that the data sheets contain
a high margin error, something that has yet to be assessed.

e Since each individual battery usually has a capacity above the
manufacturer’s nominal rating, the reference capacity for the definition of
lifetime requires careful consideration. If the initial capacity is determined
for a specific battery then the model may result in a good prediction for that
particular battery but it will not be universally applicable because of the
spread in initial capacities of any one manufacturer’s product. If the battery
nominal capacity is used then this may underestimate the life of any one
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battery but it will, at least, give a minimum lifetime as the nominal capacity
is the figure guaranteed by the manufacturer.

Whilst the use of a percentage of a reference capacity as the definition of the
end of lifetime is simple, it may not be applicable for all remote hybrid
power systems. It may be that some performance requirement is better suited
for the definition of the end of life.

The test sequences carried out for parameter fitting for individual batteries
and the subsequent parameter fitting procedures themselves were generally
satisfactory.

The results from the battery tests carried out within the Benchmarking
project highlighted the variability in performance from battery to battery of
the same type from the same manufacturer. This demonstrates the danger of
using such statistically small samples to tune the workings of a battery
model and reinforces the need to aim for prediction of minimum
performance.

It may turn out to be a problem that the full implementation of a model
considering all of the stress factors and damage mechanisms requires data of
a type and extent that go beyond what can realistically be expected from
battery manufacturers in connection with standard commercial supplies.
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8 Status at the end of the project

This section provides a status statement of the model development and validation at
the end of the project, including the model-specific requirements for improvements.

8.1

Common Status

The common status for the two primary models is:

The models have been extracted from being embedded in system simulation
models to being separate and stand-alone tools.

The models have been improved with respect to their representation of
battery performance and lifetime, and they have been validated by
comparison with lab test measurements undertaken as part of the
Benchmarking project [WP4.2 report], [12].

Test procedures for obtaining battery parameter estimation curves have been
established and used successfully on selected project batteries. Furthermore,
the procedures for the extraction of the battery parameters have provided the
appropriate data for input to the models.

The availability and application of the models is in accordance with the
Consortium Agreement.

Specific conditions for the two models are given below.

8.2 The FhG/Risg Model

The status for the FhG/Risg model at the end of the project :

The FhG/Riseg model is based on a model extracted from an FhG PV system
model. The model was further developed and validated in the Benchmarking
project in a collaboration between Risg and FhG. The FhG/Risg model is
working as a free-standing model in the MATLAB [Version 6.5.1 Release
13] environment.

The aim of the FhG/Risg model development was to extend its capabilities
from RE systems with PV to also include systems with wind power. The
main focus in this work was to extend the magnitude of currents and their
influence on the damage mechanisms incurred by this particular stress
factor.

The FhG/Risg model development has been validated by comparison with
lab test measurements undertaken as part of the Benchmarking project
[WP4.2 report], [12].

The most imminent needs for further improvements of the FhG/Risg model are:
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There is a need for more test data to validate mechanisms and assumptions
in the model by comparison with both lab tests and full scale systems
testing.
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e There is a need to validation the model for a wider range of applications by
comparison both lab tests and full scale systems testing.

e More stress factors and damage mechanisms from the cross-matrix should
be implemented in the model. Extensive battery data sheets should be used
to assess the model features to be focused on.

e The use of other test procedures, viz [WP3.2 Report], [15], should be
considered to provide input for model parameters and stress factors / damage
mechanisms.

It is the intention to include the improved FhG/Risg model in the IPSYS system
simulation package being developed at Risg, Error! Reference source not found..

8.3 The UMASS Model
The status for the UMASS model at end of project:

e The UMass battery model, previously only readily accessible in the Hybrid2
simulation model, has been successfully extracted and made more generally
useful in a free-standing form.

e A separate code for determining parameters for use in the UMass battery
model has been successfully implemented.

e The UMass battery model was able to model rather well the capacity and
voltage results of the battery testing undertaken during the Benchmarking
project.

e The lifetime portion of the UMass battery model has been successfully
expanded to consider cycle means as well as ranges.

e There is in general insufficient test data available to allow the expanded
form of the UMass battery life model to be validated and put into general
use.

e Promising preliminary results on tracking cycles charge or discharge rates
have been obtained, This but more work is required before this capability
can could also be put into general use, although some additional
programming would be needed and some additional testing and validation
would be desirable.

It is apparent that the potential for extending the improvement method has not yet
been exhausted. The following are some opportunities for further progress:

e The UMass battery model does not at present consider charge factor. In
fact, charge is assumed to be conserved. This may be reasonable for many
situations, but is less so when the battery is charged to full capacity. A
modification to the UMass model could be made in which a diode to ground
is inserted in the circuit, such that current would begin to flow when the
terminal voltages reached a certain level. With such a change it would also
be possible to include the impact of charge loss on efficiency (in addition to
voltage). Or a correction value could be added when the SOC is above 80%
and the some of the charging current could be dumped.
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Other possible improvements that would fit into the framework of the model
include: (1) standby losses and (2) temperature effects. The rate tracking
capability should be more fully explored, and a “time at level” should be
added.

The UMass battery model program output could be extended such that it
could report results in a format compatible with the “radar plots” discussed
in more detail in other reports prepared under the Benchmarking project.
These include: (1) charge factor (if the modification noted above were
made), (2) Ampere hour throughput, (3) partial cycling, (4) time at low state
of charge, (5) highest discharge rates, and (6) average time between full
charge.

It is the intention to implement the improved UMASS model in the Hybrid2, [2],
system simulation model developed and made available by UMass and NREL.

8.4 Throughput Model

There are no current plans to improve the throughput model currently implemented
in the HOMER software package currently available through NREL. The simplicity
of this model allows its use with very limited initial information and although
improvements could be made, they would likely require more information about the
specific batteries or operating conditions, like temperature, that is not generally
available.
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9 Recommendations for future work

Although the two lifetime models are at a stage where they may provide quite
realistic and useful estimates of lead acid battery performance and lifetime, further
development and validation of the two lifetime models should continue. In addition
to the issues raised below the items mentioned under section 8 above should also be
considered for future work.

The primary recommendation is that more battery lifetime tests need to be carried
out to improve the understanding of the damage mechanisms and to further validate
the models. Some of these tests should isolate specific damage mechanisms or the
impact of different operating conditions, such as the variable impact of cyclic use at
different depths of discharge. Sufficient similar tests of specific battery types should
be conducted so that any statistical variations between batteries can be accounted for.

The tests should include tests specifically designed to facilitate evaluation and
eventual use of each of the improved battery life models. This would include real
life system tests with more of the very detailed data sets necessary to represent the
battery features and mechanisms.

Increased attention in the model development should be given to the interaction
between components and controllers in real life Renewable Energy systems.
Ultimately battery lifetime models may develop into complete battery management
system models.

Finally, even as the models improve, the data that is needed to assess the life of
batteries is becoming more complex at the same time that battery manufacturers are
trying to reduce the complexity of the information they provide on specific batteries.
More efforts will have to be made to engage battery manufacturers in developing
battery life testing algorithms and procedures. As is shown clearly by the mismatch
of the IEC cyclic testing, the use of existing testing standards are not overly relevant
to their use in isolated power systems.
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