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INTRODUCTION

Invented in 1859 by French physicist Gaston Pldeti] acid batteries represent the oldest
design and are the most commonly used rechargeatikries today. Despite having modest
energy-to-weight ratio and energy-to-volume ratin@ir ability to supply high surge currents

means that the cells maintain a relatively large/greto-weight ratio. These features, along
with their low cost, their high recycling ratio, %/ and their technological maturity make

them attractive for several applications. Threenmgiplications of lead acid batteries are:
starting, lighting and ignition batteries (SLI lmates), motive batteries and stationary
batteries.

Increasing attention to the global climate change the sustainable development open new
applications for energy storage using lead acitebas: electric transport, renewable energies
such as photovoltaic and wind, grid storage, qualitd emergency supplies. In some cases,
new applications need new charge algorithms. Oweldhnot forget either, the economic
factor that requires a deep understanding of phenanmside the battery in order to improve
its lifetime.

This has driven Electricité de France (EDF) in aodration with Université de Montpellier I
to do research on lead acid batteries and theiicapipns. It includes the PhD works of H.
Smimite (on fast charge of valve regulated lead &eitteries for electric car, 1997), of P. 1zzo
(on battery management for photovoltaic applicajoB002) and of G. Dillenseger (on
methods of maintaining the charge for stationaadlacid batteries, 2004). In continuity of
these works, this thesis investigates the behawiblsad acid batteries in extreme conditions
related to three main topics. The first is accedetacharges of flooded batteries used in
electric buses, in grid-connected inverter combimgth energy storage for production
optimization. The second is deep discharges witlarpp inversion. The last topic is
maintaining the charge of stationary batteries witposed low current. First of all, this work
consists in studying and analyzing the state ofaten this field throughout the existing
results. Then, new charge methods are investig&iedlly, these new charge methods are
tested with laboratory tools as well as with comeredrchargers.

This thesis begins with a chapter about the geiberaf lead acid batteries, especially
intended to non-electro-chemist colleagues. loohiices how lead acid batteries work as well
as their behaviors during several conditions théit e detailed in the next chapters. The
second chapter deals with the charge of lead aaftkries: from the traditional charge to
accelerated and fast charges. A new charge metin@t€elerated and fast charges of flooded
lead acid batteries is developed and tested. T8uhdige of lead acid batteries is discussed in
the third chapter, where batteries are subjecte@np deep discharge to evaluate capacities of
both negative and positive electrodes. The polamitgrsion phenomenon is discussed here in
detail through experiments on different types @dleacid batteries. The last chapter deals
with maintaining the charge of stationary lead duadteries. A new method of maintaining
the charge with imposed low currents and perioditerges is tested and compared to the
case of open circuit (without maintaining the clegrgnd traditional float charges. This
method is applied in a new management system &mdbly lead acid batteries at EDF. The
thesis ends with a long abstract in French.
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CHAPTER 1 - LEAD ACID BATTERIES [1-10]

Introduction

This chapter has been written especially for mytalsal engineer colleagues, who are not
familiar with electrochemical matters as | was wihémgan this thesis work. It presents lead
acid battery as a complex electrochemical system fronstitution to functional principle and
basic laws of thermodynamic and kinetic that gowamwhole system in six main parts. The
first part deals with elements that set up a lead battery as well as their technologies and
application fields. The second part explains thecfion of a lead acid cell in converting
chemical energy to electrical energy and vice verga third part presents reactions of a lead
acid cell consisting of main reactions (charge distharge of active materials) and side
reactions (water electrolysis, oxygen recombinatmrosion...). The fourth and fifth parts
describe the thermodynamic and kinetic laws thatgothe function of a lead acid cell when
it is at open circuit as well as when an externarant flows. The final party defines
characteristic parameters of a lead acid cell: @@pastate of charge, state of health.

1.1 LEAD ACID BATTERY CONSTITUTION, TECHNOLOGIES AN MARKET [1-6]

A lead acid battery consists of several cells, alted accumulators. The nominal voltage of
a cell is 2 Volt. These cells are connected inesedonfiguration to obtain the expected
voltage for applications.

The 2 Volt cell is the basic unit of a lead acidtégy. It consists of an alternately gathered
group of positive plates (whose active materid@t€}) and negative plates (Pb). The number
of plates of each polarity and their dimensionstaeemain parameters, which define the cell
capacity. In order to avoid short-circuits betweka different polarity plates, an insulating
micro-porous separator is placed between thesespthtring assembly. Positive plates are put
together in pack as well as negative plates. Tisitipe and negative packs are then grouped
together and finally put in a container filled widm electrolyte. All of this, i.e. packs of
negative and positive plates, electrolyte and doata form a cell (cf. Figure 1). The
electrolyte is a solution of sulfuric acid and dlistl water. The container is generally made of
polystyrene or AB& The container has to keep the acid within theared at the same time
provide mechanical support to the battery. It isigieed in a variety of ways to prevent
leakage and dry-out while allowing accumulated gdaseescape. The two terminals made of
lead metal connected with the pack of each polallyw the connection to an external
circuit.

1.1.1 Positive electrode
There are two kinds of positive plate: flat platel aubular plate.

1.1.1.1 Flat plate

The “Faure flat plate” consists of a lead grid wltbat assures both the mechanic support of
the plate and the current collector (cf. FigureT2)is grid is filled with a paste prepared from
sulfuric acid and a powder consisting of a comhamaof lead oxide and lead metal. Cells are
then subjected to the equivalent of a prolongedrgehacalled “formation”. During this

1 Acrylonitrile-Butadiene-Styrene (plastic — 1ISO 1043
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formation phase, the initial mixing of oxide is died to lead dioxide (Pb{at the positive
plate.

Negative Positive Positive
plate cell plate pack
connection --

Microporous
separateur =

Positive
plate

Negative
Negative| terminal
cell

connection

Negative
plate pack

Figure 1: Schematic representation of a floodedilaeid battery [7]

The grading of the powder is important becauseetemnines the active material specific
surface, which is the reactive surface: the pore 8 of the order of the micron. For the
positive plate, the reactive surface is aboutym

The “flat plate” technology is the cheapest (beeatisontains a minimum of material and its
manufacturing process is simple), the most fragild is the technology able to reach the best

mass performances. It is mainly (100 % in Unitedt&§t used in SLI batteries (Starting,
Lighting, Ignition).

i i .'?.';. THH Lead-alloy
i R EEEE R spine
b =
FLEELLEEEEERE Positive
L ﬁ H active-matarial
o i 4 . ]
Fiat plate Tubular piate

Expanded grid

Figure 2: Lead acid battery plates: flat plate atudbular plate [8]
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1.1.1.2 Tubular plate

The tubular plate consists of lead alloy spinesaigé collector) slipped into a porous tube
that contains the active material in the free spgzateveen the spine and the braided tube (cf.
Figure 2). The positive electrode is thus made upeoies of vertical cylindrical tubes one
next to the other. The cylindrical shape allows dilatation and the contraction of the active
material during charge-discharge cycles while kegmlmost an excellent cohesion and a
good electric contact with the central conductdnisTs the reason why the electrode life span
is found to be improved.

This robust technology is used in applications teguire high endurance in cycles and long
service life: heavy traction, stationary (emergesugeply and photovoltaic), submarines.

1.1.2 Negative electrode

The negative plate is always designed accordirtedflat plate” technologies. As explained
before for the positive electrode, it consists ajral filled with active material paste. The
active material is made of spongy lead, which isppred from sulfuric acid and a powder
consisting of a combination of lead oxide and leaetal. During the formation phase, this
combination is reduced to spongy lead metal (Pbhanegative plate. In order to make the
active material porosity deteriorate less rapidlypther products, called expanders, are added
in a small quantity. Additives that are usually eddo negative active material are barium
suzlfate (BaS@ and carbon (C). The reactive surface of neganegerial is about 0.2 — 0.4
m</g.

1.1.3 Grid[1, 8]

The grids (and the spines), fundamental elementheobattery, consist of lead alloys. They
are used at the same time to collect the curreshtt@mechanically hold the active material.
Many researches have been done to improve thealjod because the grid corrosion is one
of the most frequent causes that limit the battéeytime [9, 10]. Several studies have also
been done to reduce the high self-discharge ratbeohegative electrode in batteries with
antimony positive grid alloys.

The choice of metals for the grid remains limit&€te lead is almost the only metal that does
not constitute a poison for the battery while r@sgs to the corrosive conditions of the
electrolyte. Since the pure lead is too soft taipectly used, other metals (like tin, antimony,
calcium, silver) are inserted into the grid composi in order to improve the toughness as
well as the resistance against corrosion.

Conventional grid alloys are based on lead / antiyradloys containing up to 8% Sb. The role
of the Sb is to strengthen and harden the Pb thrahg formation of a finely dispersed
eutectic phase at the grain boundaries. The testsdagth, yield strength and creep resistance
of the alloy all increase with Sb content [11]. dddition, the alloying agent improves
castability and the adherence of the paste toldte.gJnfortunately, the addition of antimony
has also some disadvantages. During battery chidng&b dissolves (corrodes) progressively
from the positive grid, diffuses through the elebtte and deposits on the negative electrode
where it reduces the overvoltage (cf. 1.5.4.2)Hgdrogen evolution. This results in greater
gassing rates, the water loss as well as the seliigrge rates and in the need for more
frequent maintenance. This is called “antimony affe
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In order to overcome this problem, a range of ldw#&loys has been developed. Early
attempts to use low-Sb alloys led to cracking osting, but this was overcome by the
addition of grain refining agents such as As, Cel, S and Te. These enhance the stiffness,
the tensile strength and the corrosion resistaftleeogrid alloys. Castability is improved by
the addition of 0.1 wt.% Sn that increases thalityiof lead alloys. Low-Sb alloys, as used in
“low-maintenance” automotive batteries, containt2wSb.

Many automotive batteries today are of the so-ddiheaintenance-free” variety in which the
grids are constructed of Pb/Ca alloy (up to 0.2aEa), sometimes with the addition of Sn or
Sr. On quenching the grids during manufacture spatsion of P§Ca forms around the pure
lead grains resulting in precipitation hardenindie3e alloys exhibit higher hydrogen
overvoltage than antimony types and water lossnduharging is largely eliminated,
provided that the top-of-charge voltage is conéill They have improved electrical
conductivity, but are substantially weaker thanrtPd/Sb counterparts. Batteries with Pb/Ca
grids are normally used in “float” conditions (eagitomotive or stand-by applications). They
are unsuited to regular deep discharge as the dyelainder these conditions is strictly
limited. Explanations advanced for this are complaxolving the build-up and cracking of
corrosion layers on the Pb/Ca plate and structirahges in the porous active material.

Table 1: Grid alloys for lead acid batteries, themaracteristics and fields of applications [1],

Kind of alloy Advantage Disadvantage Field of apalions

Standard antimony strong grids, stability for

active material in positive
electrode, improvement of
cycle performance

Increase of water
decomposition rate with
service life

Traction
4-11%Sb

As, Sn, Cu (Ag)

Low antimony

0.5—3.5% Sh Decrease of Sh

Stability of capacity duringLow maintenance

Se, Te, S, CyAs, Sn,
(Al)

contamination at negative
electrode

float charge, preservation
of cycle performance

(stationary, traction), SLI
batteries

Standard calcium

No Sb contamination at

Grid growth, reduced

Stationary, vented and

0.06 — 0.12% Ca
0to 3 % Sn, (Al)

VRLA batteries, SLI

negative electrode batteries

stability of capacity

Planté plates, BELL
system round cell (BELL
Linage 2000)

Improvement of deep-

. Softhess
discharge performance

Pure lead

Antimony/cadmium
1.5%Sh, 1.5 Cd

Low antimony release Toxicity of cadmium VRLA baits

1.1.4 Separator
In general, the separator must have at least tlenviog properties:

» Electronic isolation

« lonic conduction by providing open pores that alted with acid. The ionic transfer
between both electrodes has to be easy so thattdreal resistance of the lead acid
cell is minimized

» High porosity for a good ionic conductivity but ala low displacement of acid

* Appreciated mechanic resistance in order to sufiervariation of active material
volume during discharge-charge cycles

» Suitable chemical resistance to withstand the gtommrosive electrolyte.

The separators are usually manufactured in polymamly in polyethylene) or glass fibres.



CHAPTER 1 - LEAD ACID BATTERIES

1.1.5 Electrolyte

According to the types of batteries, the electmlgan be liquid, gelled or absorbent. Inside
lead acid accumulator, the electrolyte plays twlesoit assures the electric transport in ionic
conduction (but not electric conduction as this ldocause internal short-circuit) and it

participates, like a reactant, at discharge-chaepgetions. In the electrolyte, the ionic

movement is due to many phenomena:

» Migration: electric field effect on charged parésl

» Diffusion: concentration gradient effect

» Convection: density gradient effect due to, for mmpke, the thermal effects in the
accumulator

1.1.5.1 Liquid electrolyte

The electrolyte is a solution whose solvent isiltkst water and the solute is sulfuric acid.
The composition ratio defines the concentrationictvhis linked, for a given temperature to
the electrolyte density. An electrolyte having 38%%mass) of sulfuric acid has a density of
about 1.25.

At liquid state, the water molecule disassociatgs ions HO™ and OH. The H ion only
does not exist, it associates always with a watdeaule to form an kD" ion.

In water, the sulfuric acid molecules disassockatea majority to H (which become ions
HsO") and HSQ. It is present also in a low proportion the s@fans SGF-.

1.1.5.2 Immobilized electrolyte

The electrolyte is immobilized in order to provideen space for the fast transport of oxygen
as a gas. Otherwise, the internal oxygen cycle 1&3.3.2) is hindered by the too slow
diffusion rate of the dissolved oxygen. In leaddaoattery two ways are used for electrolyte
immobilization: absorption of the sulfuric acid byglass felt, or gelled acid by addition of

SiO,.

One characteristic of both methods of electrolypenpbilization is that, during service, the
(very small quantity) water loss leads to an inseeaf the gas channels. The transport of
oxygen from the positive to the negative electrisdéherefore made easier. The result of this
is a slight increase in float-charge current dutiing operational life of the batteries due to
reduced polarization of the negative electrode4d.3.2).

Absorption of the electrolyte by a glass mat (AGM)

The electrolyte is absorbed into fine fibres ofsgl&elts (diameters in than range) forming a
pore system. Such glass felts simultaneously fafdouble function:

* They act as a conventional separator that insutheeslectrodes of different polarities
from one another and prevents short-circuits betwtdee electrodes, since lead
dendrites do not grow from the negative to the tpaselectrode through the fine pore
system of glass felt.

* They immobilize the electrolyte by effective abgap that fills most of their pores.

10
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Splralell Tachnology

Solkd Cast Call
Connaclioss

Alsorbenl ||l 0.5%% Fore Lead

flngs-Mal
Bepaialéat
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(@) (b)

Figure 3: (a) Shattered view of a VRLA AGM battétgerSys GENESIS. (b) VRLA battery in spiral
wound design [12]

In a battery, the dosage of the electrolyte muskdys low enough that the absorbent mat

separator is not completely saturated with elegteolso the required gas channels are formed
in the felt. Otherwise, the battery acts at leastiglly, like a vented one, until water loss has

sufficiently reduced the amount of water.

Gelled electrolyte by addition of SiO

Sulfuric acid, in the concentrations usually applie batteries, forms a solid gel when about
6% SiQ are added. It is a thixotropic gel that can bet keghly liquid by intensive agitation,
which is an advantage for filling the battery. ®kege during solidification squeezes
electrolyte out of the gel and forms cracks thatthwrough the solid electrolyte and allow fast
transport of gaseous oxygen. Real pores, as inltaciEnnot be observed in the gelled
electrolyte. But the gelled sulfuric acid behavesthe same way as in a felt, with a pore
structure one order of magnitude finer than thahefusual microglass-mat separator.

Gelled electrolyte cannot fulfill the function of separator, since it does not suppress
penetration of lead dendrites.

The electrolyte volume and its density are defibgdmanufacturers according to battery

types and utilizations. It is a trade-off betwelka wanted capacity, the lifetime, the provided

current intensity and the expected behavior at temwperatures (the temperature affects the
viscosity and therefore the electrolyte condudfivit

1.1.6 Lead acid battery families

In this thesis work, two principal families of leadid battery are presented: flooded (vented)
batteries and VRLA (Valve-Regulated Lead Acid Bafyebatteries. They differ from each
other in the state of their electrolytes: liquiéatolyte for flooded batteries and immobilized
electrolyte for VRLA batteries.

11
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1.1.6.1 Flooded batteries

The flooded or vented batteris the first used-technology of lead acid battemgated by
Planté in 1859. The word “flooded” means that tleeteodes are immersed in a solution of
sulfuric acid, and the word “vented” relates to thes productions almost not recombining
and venting out of the battery. The combinationMeein hydrogen and ambient air can be
potentially explosive as soon as wt.4% of hydrogevolume.

Some flooded batteries produced actually are censiito be “maintenance free”. This
associates to the fact that the electrolyte consatiom is weak and the initial electrolyte
reservation is sufficient to assure a good functbrthe battery during its lifetime service.
Their grid alloys consist of low-antimony or caleiugrids which lead to strong polarizations
of oxygen and hydrogen

1.1.6.2 VRLA batteries

The first VRLA batteries of the SONNENSCHEIN soygieippeared in the battery market at
the end of 1950. Different names are in use far kimd of lead acid battery such as “sealed
lead acid battery”, “sealed maintenance free lead battery”, “sealed valve-regulated lead
acid battery” and “valve-regulated lead acid batteiThe words “sealed” and “valve-
regulated” relate to the fact that in this techgglaf battery, thanks to the immobilized
electrolyte, the oxygen can be fast enough tratsgdrom positive to negative electrodes
and reduce into water, the gas production is tbeee$trongly reduced; a regulated valve is
sufficient to escape gas. In fact, the term “séakedot really exact because the generation of
hydrogen can never be avoided completely, theretoeee is always a small amounts gas
escaping. Moreover, the term “valve” comprises adsethe term “sealed” as a valve can
operate only when the battery itself is sealed.ddethe term now mostly used is “Valve-
Regulated Lead Acid battery” or its abbreviationRMA battery”. Two main characteristics
of the VRLA battery which differ from the floodedttery are the following:

* There is not a continuous gas exchange betweemtéor of the battery and the
surrounding atmosphere.

* The battery is not completely sealed but equippitd avvalve that opens even during
normal operation from time to time to let the gasape

In VRLA batteries, only antimony free grid alloy®h/Ca alloys, are used.

Table 2: Principal comparisons of two lead acidtbag families: flooded and VRLA batteries [6]

Battery family Flooded (vented) VRLA

Electrolyte Liquid Gelled or AGM

Positive grid alloy

All kinds of grid alloys

Pb/Gand pure Pb grid alloys

Advantage

Longer lifetime
The cheapest technology

Maintenance free
Security (very weak gas escape)

Disadvantage

Water consumption
Specific installation (gas escape)

Short service life, low reliability
Temperature effect

1.1.7 Lead acid battery market [13]

Lead acid battery market is divided into three maggments:

» Starting, lighting and ignition lead acid batter{&4.1)
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* Motive lead acid batteries (MLA)
» Stationary lead acid batteries (SLA)

Lead acid batteries

Starting, lighting Motive lead acid Stationary lead
and ignition (SLI) (MLA) acid (SLA)
| | |
Consumer automotive | Heavy-duty vehicle Telecommunication
applications applications applications
[ [ [
‘ Marine applications ‘ ‘ Mining applications ‘ Data communication
- \ applications
‘ Other applications ‘ ‘ Railroad applications‘ [
‘ - Utility applications ‘
Other automotive ‘ Other applications ‘ [
applications Emergency lighting

applications
[
‘ Security applications ‘
[
‘ Other applications ‘

Figure 4:Lead acid battery market: market segmeata{\World), 2001. Source: Frost & Sullivan
[13]

VRLA batteries j

A 4

’ Pure lead grid ‘ ’ Standard calcium ‘

O "\

Motive lead acid Starting, lighting Stationary lead
(MLA) and ignition (SLI) acid (SLA)
’ Standard antimony ‘ S':_andard calcium ’ Low antimony ‘
7y ow antimony A

!

Flooded batteries

Figure 5: Lead acid battery families of flooded avidLA batteries, their kinds of grid alloys andithe
application fields

Stationary
8.2%
Maotive
6.7% Figure 6: Lead acid battery revenue breakdown
by product type (world), 1998-2008. All figures
are rounded; the base year is 2001. Source: Frost
& Sullivan [13]

SLI

B5.1%
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In 2001, the world lead acid battery market gemerapproximately $29.28 billion, growing
approximately 2.9 % compounded annually.

1.2 OPERATION OF LEAD ACID CELL [14]

Lead acid cell is able to supply electrical energyn chemical energy to a load and is able to
re-establish its energy reserve thanks to a gesrerahis section explains how this system
works.

1.2.1 Electrochemical cell

The potential difference between the electrodediPBbQ) and the electrolyte (sulfuric acid

solution) is called the “electrode potential”. THabsolute electrode potential” is not

measurable, however the “relative electrode pa€ntian be measured in associating two
electrode/electrolyte interfaces. This is alsodtigema of an electrochemical cell.

An electrochemical cell consists of two electroteolyte interfaces as shown in Figure 7.
In the case of two different electrolytes, they m&ed together by an electrolytic junction
(ionic bridge), which allows ions flow.

Electrode 1 Electrolytic | piecirode 2 Working
junction electrode: Ge |
Refence
electrode: k& Solution
Solution 1 Solution 2
(a) (b)

Figure 7: (a) Presentation of an Electrochemicall.céb) Electrode Potential measurement by a
reference electrode. The principle is the same: slectrodes with one electrolyte or with two
electrolytes linked together by electrolyte bridge.

1.2.1.1 Relative electrode potential and cell vgdta

As mentioned above, the absolute potential canaanbasured, since a potential difference
can only be measured between two electronic condiicthus the electrode potential has to
be related to a “reference electrode” having alstamd well-known potential, like the
Standard Hydrogen Electrode (SHE), which is nowersally used (cf. Figure 7).

The potential difference between the working etstgrand the reference electrode is called
the electrode potential related to the reference:

Ewerret = Bwve - Beet (1)

The potential difference between two electrodesa oéll is the “cell voltage”. E is called cell
voltage at open circuit; another name is “electrivecforce” (emf).

E=E-h& (@)

14



CHAPTER 1 - LEAD ACID BATTERIES

1.2.1.2 Electrode polarity

The “electrode polarity” is defined according te thign of the cell voltage. For instance, if
the cell voltageE is positive, the electrode 2, whose potentidtisis said to have a positive
polarity and the electrode E;, a negative polarity and vice versa.

In addition, when an external current flows througé cell, one of two electrodes becomes
“anode” (gives electrons) and other becomes “cahdcbceives electrons). There is not a
relation between the electrode polarity and it® rol anode or cathode. In contrast of the
anode and cathode notions, the electrode polaritiefined even though there is no external
current flow.

1.2.2 Galvanic & electrolytic cells: lead acid cell

When an external current flows though an electrogbal cell, it becomegalvanic or
electrolytic cell

1.2.2.1 Galvanic cell

When an electrochemical cell whose voltag¥ i&ifferent zero) is connected to an external
resistancéR (not infinite), a current flow is observee V/R.

Galvanic cell mechanism (Figure: & reduction is observed at the side whose pateisti
higher (reduction of the oxidant 2 - @xetter oxidant then the oxidant 1 - {»xand an
oxidation is observed at the side whose potergialdaker (oxidation of the reducer 1 - Red
better reductive than the reducer 2 - Beth addition, electrode 1 gives away electrond an
electrode 2 obtains electrons, the circulation ketwtwo electrodes is assured by an external
circuit. Chemical energy is converted to electnergy.

Conventionally, the electrodes at which take plackiction and oxidation are called cathode
and anode respectively. In the case of a galvaglictbe positive electrode plays the role of
cathode and the negative electrode the role ofeanod

Finally, the closed circuit demands the ion pasghgeugh the electrolytic junction in order
to maintain electro-neutrality in the solution.

(@) (b)
R © ®
e'T @ le Pb PbG,
Electrode 1 Electrode 2 HSO,
H,O*
Solutior; 1 éolution 2 ‘ ANODE ‘ ‘ CATHODE

o - phsze Plieze - P

Red— Ox; + ne Ox, + ;e— Red,

Figure 8: Representation of a galvanic cell asstatiato Ox/Red and Ox/Red couples of electrode
potentials £ and B respectively with E< E,. Representation of lead acid cell as a galvanit ce
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1.2.2.2 Electrolytic cell

In this type of cell, the direction of reactions electrodes is opposite to the one in the
galvanic cell.

Thanks to the external generator, the directiothefelectron flow is imposed to enable the
reduction of the less oxidant (@xand the oxidation of the less reductive (RBeé&lectric
energy is converted to chemical energy. Theordyicéh create electrolysis one needs to
apply between two terminals of the cell a voltagdigher than the potential differen&e
between two electrodes. Practically, electrode rmatons and Joule loss due to the cell
internal resistance have to be taken into accaiiniL(5.4), sov is always higher thai for a
electrolytic cell (in the same way, for a galvaodd!, V is always smaller thai).

In this case, the electrodes play the oppositesrotenpared to the case of the galvanic cell:
the anode for the positive electrode and the catfiodthe negative electrode.

(@) (b)
b )
1 (A) © ®
(V) Pb PbO,
e l Y, Te
Electrode 1 Electrode 2 HSO,
H,O*
Solutior{ 1 éolution 2 ’ CATHODE ‘ ’ ANODE ‘
Oxl +ne — Redi Rec&—» OX2 +ne sz +2e—Pb sz — Pb4 + 2e

Figure 9: Representation of an electrolytic celbasiated to OXRed and Ox/Red couples whose
electrode potentials are;End B respectively (with E< E,). Representation of lead acid cell as an
electrolytic cell.

1.2.2.3 Lead acid cell or lead acid accumulator

A lead acid accumulator (or a lead acid cell) isshattrochemical cell, which can work either
as a galvanic cell (during discharging) or as acteblytic cell (during charging).

It has three redox states ®PWPIF* and PB". PH is spongy metal lead; it constitutes the
negative active material. Phis associated to SO to form insoluble PbSg) the discharge
product. PB' is associated to Qions to form lead dioxide (Pb{) which is the positive
active material. These three redox states formpmits Pb/PH (or Pb/PbSG) and PB'/PB"*
(or PbSQ/PbQ) for which electronic exchange is reversible. fhabal operation of the lead
acid cell can be schematized by the following rieact

discharge Reaction 1

Pb + PB* — 2P
charge

16
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During discharging, the cell works like a galvanal and supply electric energy to the load.
During charging the cell works like an electrolytell to regenerate the active materials Pb
and PbQ at each electrode.

1.3 PRINCIPAL & SECONDARY REACTIONS IN LEAD ACID CH-

When producing electrical energy or storing cheingreergy, chemical and electrochemical

reactions occur inside the cell. Even when the iselit open circuit, there are also some
reactions happening. This section presents the ararthe side reactions that can take place
in the lead acid cell.

1.3.1 Pourbaix diagram

Pourbaix diagrams are used to represent the irfeueh pH (acid or base solutions) on the
thermodynamic equilibrium state of the system (Nemquations, cf. 1.4.2.1) where many
redox pairs take place. Furthermore, it is paréidyl interesting to anticipate the thermo-
dynamical behaviors of the system whose redox pkeEpend in different ways on the pH. In
the case of lead acid cell, besides the principabx pairs of Pb/Pb and PB'/PE** there are
also the secondary pairs 0§®O, and H/H,O (H/H3:O" and OH/O,) as the water is always
present in lead acid cell electrolyte. Moreovee Bb metal of the grid alloy is not stable in
the potential zone of the positive electrode. Tisattk Pourbaix diagrams, we will see how
these redox pairs stay together. The pH of the deadicell electrolyte is between —1 and 0.

In the literatures, it exists the potential/pH dags of the Pb/HD system and of the
Pb/H,SO, system [15]. In this thesis, the Pourbaix diagaithe Pb/HO system (cf. Figure
10) is used to describe redox pairs of a lead eeidand not the Pourbaix diagram of the
Pb/H,SQ, system, as tBQ, is, in general, not present at the interface @& ghnid/active
material during the battery service life (cf. 1.3)3

The observations of Pourbaix diagrams of the BXJ slystem are the following:

* Potential equilibrium values are about 1.68V an®B4¥V (cf. 1.4.2) for the pairs
PK*/PB** and PB/PI* respectively. The cell voltage at equilibrium isend 2V.

* When the cell voltage is under 2V, the reactiok® tplace in the sense to produced
PK**; the cell is discharged. In contrast, when thé weltage is above 2V, Pb and
PbQ are produced; the cell is recharged.

* Potential equilibrium values are about 1.23 V arMd @f. 1.4.2) for the pairs $#D/O,
and H/H,O respectively. Water electrolysis takes placecasm |as a voltage is above
1.23V. Between 0 and 1.23V, recombination efdtd Q can occur to reform D
(cf. 1.3.3.2).

* In the potential zone of positive electrode (aro@r®@BV) the Pb metal is not stable; it
will be oxidized to PB" and then to PB. This is the corrosion phenomenon at the grid
of the positive electrode.

We keep in mind that in a lead acid cell thererarieonly the principal reactions of discharge-
charge but also the secondary reactions. They arerwlectrolysis, water recombination and
corrosion of positive electrode grid. The secondaactions take place always in the lead
acid cell and take place simultaneously with theqgypal reactions.
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0,21 Figure 10: Pourbaix diagram [16]
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1.3.2 Main reactions (discharge-charge of active nerials)
1.3.2.1 Discharge

During discharging, the lead acid cell, which bedsgas a galvanic cell, supplies electricity to
the load; chemical energy is converted to eledtrereergy. The operation of a cell during
discharging is shown schematically in Figure 11 \(dhen the cell is connected to an external
load, the electrons flow from the negative eleatr¢Bb), which is oxidized (become?Pb
through the external load to the positive electr{@eQ), where they are accepted and the
positive material reduced (become alsG*Pbrhe electric circuit is closed in the electrelyt
by the positive ion flows (kD") from the negative to the positive electrodes.

(a) (b)
Electron flow /__icﬂge\
LOAD -| DC power |4

supply
Electron flow

m +

+

- wl

Figure 11: Products and reactants of a lead acidl peoducing during (a) discharging and (b)
charging.
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The discharge reactions can be written as follows:

Negative electrodePb+HSQ, +H,0= PbSQ + 2 +H;0" Reaction 2
Positive electrodePbo, + HSO; + 2™ +3H;0" = PbSQ, +5H,0 Reaction 3
Overall discharge reactiob+PbO, + 2HSC; +2H,0" = 2PbSQ, +4H,0 Reaction 4

1.3.2.2 Charge

During charging, lead acid cell behaves as anrelgtt cell: it receives electricity from the
DC power supply to reform its active materials;ctieal energy is converted to chemical
energy. Oxidation takes place at the positive sdelet and reduction at the negative electrode,
as shown in Figure 11 (b).

The charge reactions can be written:

Negative electrodePbsSQ + 2™ +H,0" = Pb+HSQ, +H,0 Reaction 5
Positive electrodePbsSQq, +5H,0 = PbO, + HSO, + 22~ +3H,0" Reaction 6
Overall recharge reactiozPbSQ, +4H,0 = Pb+Pb0, + 2HSO, +2H,0" Reaction 7

Overall discharge-charge reacti@b# Pbo, + 2HSQ, + 2H,0" ~ 2PbSQ +4H,0  Reaction 8

As a small portion of S£J ions is present in the electrolyte, another oVeliatharge-charge
reaction can be written:
Pb+PbO, +2S0;” +4H,0" = 2PbSQ +6H,0 Reaction 9

1.3.3 Side reactions

1.3.3.1 Water electrolysis

According to the Pourbaix diagram of the lead aall, the water electrolytic reaction occurs
always in the lead acid cell, at open circuit al w® during discharging and charging, as the
cell voltage (around 2 V) exceeds the water redox\wltage (about 1.23 V).

Applying the electrolytic cell schema to the redpairs HO/O, (OH/O;) and H/H,O
(Ho/H30"), water electrolytic reactions at electrodes heefollowing:

At negative electrode:
Ox, +ne” - Red;: 2H;0" + 2™ = H, +2H,0 Reaction 10

At positive electrode:
Red, — Ox, +n,e : 3H,0= %oz + 27 +2H,0" Reaction 11

Overall reaction:

Reaction 12
H,0= %oz +H,

1.3.3.2 Internal gas cycle
Water electrolytic reactions (Reaction 10 and Reacfil), which generate hydrogen and

oxygen gas, always take place in lead acid cell #mel reversed reactions (water
recombination) are also possible in favorable coos. This is called internal gas cycle.
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Applying the galvanic cell schema for the redoxrpaH,0O/O, (OH/O;) and H/H,O
(Ho/H;0"), water recombination reactions at electrodestadollowing:

At positive electrode:

Red; - Ox; +ne : H, +2H,0 = 2H,0" + 2~ Reaction 13
At negative electrode:

Ox, +n,e” - Red,: O, +4H;0" + 4™ = 6H,0 Reaction 14

We have to note thatHhat is generated at the negative electrode hhe ttonsumed at the
positive electrode whose potential is favorabletfa reaction to take place. In fact, Reaction
13 occurs only when the potential exceeds 0 VRigjure 10) and, at the positive electrode, it
is around 1.68 V, which satisfies this conditiom.the same way, the,®hat is produced at
the positive electrode recombines at the negatearede.

The condition for establishing internal gas cydtethat the rates of Reaction 13 and Reaction
14 have to be high enough otherwise the gaseseslcaattery. This is the reason why the
internal hydrogen cycle is almost negligible dughe fact that the rate of Reaction 13 is too
low. The internal oxygen cycle is possible becahgerate of Reaction 14 is quite high and
the oxygen can reach the negative electrode fagtginthanks to the immobilized electrolyte.

1.3.3.3 Corrosion
Definitions:

e “Corrosion” means, in chemistry, the breaking dowinessential properties of a
material due to chemical reaction with its surrdngd. This means an oxidation, i.e. a
loss of electrons of a metal reacting with its sundings [17].

» “Corrosion area” is the potential area in a Pouclsagram (cf. Figure 12) where ion
species are stable [14].

* “Non-corrosion area”: is the potential area whersoluble species are stable. Two
non-corrosion regions may be distinguished: on@reghere the solid stable form is
the metal itself (area of “immunity”, or of “cathicdprotection”), and one region
where the solid stable form is an oxide (area aéis§vation”). In the area of
passivation, the metal tends to become coasteditwitixide, which can, according to
the circumstances, form on the metal either a naysofilm practically preventing all
direct contact between the metal itself and theitsmi (in this case protection is
perfect), or a porous deposit which only partiglhgvents this contact (in this case
protection is imperfect and pitting occurs) [18].

Figure 10 showing Pourbaix diagrams for lead aeltlaan be simplified as shown in Figure
12, which describes the theoretical conditionsafasion, immunity and passivation of lead
in an aqueous solution.

We can observe that:
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E(V)
1.6

« At the negative electrode, during
discharging or at open circuit, lead metal
of the grid can be corroded to form lead
oxide. However, it can be re-reduced to
lead during charging, since the electrode
potential corresponds to the immunity
area. In this region, lead remains stable.

» At the positive electrode, whose
potential is never less than —0.34V, grid
corrosion occurs in permanence. During
discharging and at open circuit (E
1.68V), lead is oxidized to lead oxide
(PbO then Pbg). During charging (E>

-1 6 g

Figure 12: Theoretical conditions of corrosion, . . J
immunity and passivation of lead, at 25°C in 1.68 V), these oxides will be oxidized to

the absence of substances forming insoluble ~ PPQx the oxidation of Pb to PbO and
salts PbQ, continues.

As the results of the corrosion phenomenon betweempositive grid and the active material
there are multi corrosion layers of lead oxidedlastrated in Figure 13.

The process of corrosion occurs in the followingywthe metallic lead grid is progressively
transformed into lead oxide; this oxidation is penied in two steps; each step corresponds to

a loss of two electrons.

Pb— PI' + 26 then PB" — PB™" + 2¢

Grid (Pb) '\ Active e ‘
material | = ~ | Multi

Porous active [ T—— | corrosion
material PbO, ~ layer
s
Dense layer
PbO,
. ==
Interface layers

PbO,, PbO

[1]

(source: EDF)

Figure 13: Structure of the corrosion layer at thasitive grid surface

These electrons are evacuated by conduction. Fhaiméing positive ions, Pband PB* have
to be in equilibrium with other negative specieaoltypes of anions are available in the heart
of a positive electrode: “Oand HSQ.

« The & ions are present in a solid phase in the leadesxibO and PhQi.e. PB*
and 23). This dioxide is a non-stoichiometric compotinis closed composition is

1 Non-stoichiometric compoundsare chemical compounds with an elemental composithat cannot be
represented by a ratio of well-defined natural nampand therefore violate the law of definite mnions.
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PbO.gs It means, in the middle of crystals there arenkdathat enable Dions to
move by jumping. This diffusion in the solid phaseeates the intermediate zone
consisting of PbQbetween the initial layer of PbO and the resenadilO” ions,
which is the positive active material. Once the Pl@tive material loose ‘Ofor
corrosion, it will pick up & ions of HO (i.e. 2HO" and G) of the electrolyte to
neutralize its charge.

« The HSQ ions are available in the electrolyte solutioneffttan reach the Phions
by following the path created by cracks inside iFlalgers of PbO and PhGnd form
PbSQ. Such anion contribution (diffusion in the liquptiase) provokes then a quicker
corrosion compared to the solid phase &fiens.

If the battery is frequently at charge, the PbGefagan stay thin as PbO is oxidized to RbO
The dense PbQayer plays the role of preventing the contacteein PbO and sulfuric acid
H.SO, in the solution. Otherwise, when the PbO layereexls a certain volume, it causes the
formation of crevices or cracks at the dense Pla@er. HO can reach the grid faster via
these cracks and,HO, can pass through the Pblyer and act with PbO to form lead sulfate
PbSQ. Excessive formation of PbQ@an destroy the PhQayer and severe grid corrosion
can thus occur. This is usually the case when #tiety stands for prolonged periods without
any charge.

The reactions are the following.
When lead oxides supply thé @ons:

Pb= P** + 22~
Pb+0? = PbO+ 2~ Reaction 15

When the grid is in contact with the electrolyte:

Pb= Pb™ + 26”
Pb+H,S0O, = PbSQ, + 2H* + 2~ Reaction 16

During charging, in addition of Reaction 15 and & 16 above, there is also:

PbO+3H,0 = PbQ, + 2H,0" + 22~ Reaction 17
Reaction 17 shows also that corrosion causes watesumption.

1.3.3.4 Oxido-reduction of unwanted ions

When the electrolyte contains impurities such as H@l, As... and when the electrode
potential values are favorable the oxido-reductmactions of these impurities can take place
[19, 20]. Let's take the case of#and F&" ions for example.

Fe’* can be oxidized at the anode to givé*Fm the electrolyte with the presence of BbO

And then this F& can diffuse to the negative electrode Pb, whetaritreact with the latter to
form F&". At its turn, F&" diffuses to the positive electrode and returnistanitial state of

Often, they are solids that contain crystallograpbwint defects that result in the excess or daficy of an
element [wikipedia].
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Fe’* at the contact with POThe role of Fe is to transport electrons from pbsitive to the
negative electrode. These parasite reactions clam pdace indefinitely and cause the
discharge of the cell.

ANODE ,o\curent  cATHODE
&
(+) ¢)
Figure 14: Representation of redox
Diffusion + Migration reactions of ions Fé and F€" in a lead
Fe* —— Fe acid cell during charging [20]
c Fe2+ Diffusion Diffusion FeZ’D
Current
2F€?* +PbO, + HSO, +3H,0" = PbSQ, + 2F€*" +5H,0 Reaction 18
2F€’* +Pb+HSO, +H,0 = PbSQ, + 2Fe*" + H,0* Reaction 19

1.4 CHARACTERISTIC OF LEAD ACID CELL WHEN NO EXTERAL CURRENT
FLOWS

What is the condition for a charge or a dischaegection to happen? As explained in the
section 1.3.1, this condition is met when the \g#tas different or shifted from the

equilibrium value of the cell. What is equilibriuwoltage of the lead acid cell and which
factors influence it? What is the relation betwdea equilibrium voltage of the cell and its
ability to supply energy?

1.4.1 Thermodynamic laws [1]

A chemical or electrochemical reaction can occuy eavhen the thermodynamic conditions

are possible and favorable. The thermodynamic vy generally to the equilibrium state,

which means all reactions are balanced. In thetreldemical cell, these data can be
measured only when there is no current flowingugtothe cell or its electrodes. On account
of this balance, the thermodynamic parameters dodepend on the reaction path; they
consider only on different energy levels betweelfiand initial components (products and
reactants of the electrochemical reaction). It dbes therefore the maximum performance
that can be expected from the electrochemical syste

The energy exchange, connected with electrochenreattions, is described by three
thermodynamic functions: “enthalpy H”, “free entmalG” (or “Gibbs free energy”and
“‘entropy S”.

Because these thermodynamic functions, concermrejegtrochemical reaction, describe the
energy differences before the reaction started aftet it was completed, they are usually
written with a ‘A” and called as follows:

« Enthalpy of reactionAH): the total amount of energy released or absotiedhe
reaction.
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* Free enthalpy of reaction or Gibbs free energy ghahG): the maximum amount of
chemical energy that can be converted into eledtenergy and vice versa during
reaction (charge or discharge).

* Entropy of reaction(AS): describes the energy loss or gain connectetl thie
reaction. When there is no current flows through ¢ell, the “product AS”, called
“reversible heat effect” () represents the heat exchange with the surrousding

These functions can be negative or positive. Infitlse case, the system losses energy, in the
other case, it gains energy. For example, durirsghdirging, the sign oAG is negative
because the electrochemical system delivers enetwn the cell is recharged, it is positive.

The relations of these three functions are:
AG =AH - TAS orAH =AG + TAS 3
T : temperature (K)

Reversible heat effe@t.4S = Qe, expresses the difference betwadthandAG

1.4.2 Equilibrium potential notion [21]

A difference of electrical potential usually forrasa boundary between two phases such as,
in a lead acid cell, between the active material gPPbQ) and the electrolyte (sulfuric acid
solution). The development of such an electrochampotential difference requires the
transport of electrically charged particles, ionsetectrons, in either direction. When the
equilibrium potential is reached, this reaction agptly ceases macroscopically. However,
from the kinetic viewpoint, the forward reactionteradoes not become zero when the
equilibrium potential is reached, but is compens$dig a reverse reaction of identical rate.
From the molecules point of view there is a cortsexthange of charge in both directions,
even though the reaction has macroscopically cengecomplete standstill at the equilibrium
potential. In practice, it is supposed that equilliim potential exists when no external current
is passing through the phase boundary.

The equilibrium potential between two electrodeslled difference of potential, can be
calculated thermodynamically from the Gibbs freergy chang\G of reaction. During the
electrochemical cell operation, chemical energgasverted into electrical energy and it is
mathematically described as the product of the d#ference potential and the electric
charges, which are transferred through the cell:

Electrical energy AE,.Q (4)

AEy  : potential difference at equilibrium (zero extarourrent) [V]

Q - integral of current in time [coulombs C]. Q damncalculated as n.F
n : number of exchanged mole of electrons in thetren
F . Faraday constant, which is the electric quamtitone mole of electrons, equivalent

to 96485 As/mol.
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The potential difference at zero current is thesgme maximum potential. The maximum
energy obtained from a chemical reaction can beutated. It is referenced to the electric
work and described by Eq. (4) where the work isngef to be positive for the system (e.g.
charge).

Winax = Welectric = -NFAEg )

As Gibbs free energy chang& is defined as the maximum energy delivered bysistem
(cf. 1.4.1), it can be written:

AG = -nRAE, (6)

Eq. (6) can be rewritten as follows, which is dteown as the formula of the cell equilibrium
voltage:

AEy =-——
° nF ()

One observation is that a positive cell potengalds to a negative change of the free energy.
It is a simple question of conversion: what is gil®/ the system is what the system looses
and so is negatively counted.

Eq. (3) can be written also according to Gibbs-Hwuidltz at constant pressure:

AH = AG —T[@L (8)

Electrochemical function data of different partgknd ions are present in [15, 22]

From Egs. (3) and (6), we can write:

AH = —n»{AEO - T( agfojp} 9)

Eq. (9) represents released or absorbed energiesaofions in function of the difference
potential (E). The first term defines the part lefotric energy (-nBE) and the second term is
the heat GFT(0AE/aT);,).

1.4.2.1 Influencing factor on the equilibrium values: el@tyte density — Nernst equation

The electrode potential at different concentratisrgiven by the Nernst equation as follow:

RT Ox
EO = EO,standard"'Eln['[%]] (10)
Eo - equilibrium electrode potential related to refece electrode.
Eo standard : standard electrode potential related to referezlectrode, it means when all

activities of oxidant and reducer are equal théyu@qual to 1).
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R : molar gas constant, 8.3145 J.thigl*

n : total mole number(s) of exchanged electron

F . Faraday constant, which is the electric quantt one mole of electron,
equivalent to 96485 As.

[OX] : activity of oxidant

[Red] . activity of reducer

In which, it is known that: activity = activity ctiecient x concentration.

In battery practice, numerical approximation of ttependence of the equilibrium potential
on the acid concentration can be obtained usingléwtrolyte density:

Equilibrium cell voltage = acid density + 0.84 (11)

2254 25°C - .-

Approximate formula
1.85 2 -~ - - - -|cell voltage = acid density + 0.84

Equilibrium voltage / V

- i t - i 7 t —
100 105 110 1145 120 125 130 135 140
Acid density g/cm®

Trrr1r T T T T T T T T
26 10 15 20 25 30 35 40 45 50
wi, =% HESOq

Figure 15: Equilibrium cell voltage of the lead-dcicell referred to acid density and acid
concentration in wt.% E8Q,, the dashed line represents the approximate faratiEq. (11) [1].

Applying the data of thermodynamic functions frotd] into Egs. (3) and (7), the potential
differences at equilibrium of the discharge-chaegections are shown in the table following:

Reaction Equilibrium potentials (V)
PbO, +HSO, +3H,0" + 2~ ~ PbSQ +5H,0 Eo.pbso, /pbo, =1.631
PbO, +SO + 2~ +4H,0" « PbSQ +6H,0 Eo,poso, /pbo, =1.690
Pb+HSQO; +H,0 « PbSQ +H,0" + 2" E opbrpbso, = ~0-299
Pb+SO;” « PbSQ + 2% E opbrpbso, = ~0.359

Applying the Nernst equation of the equilibrium tagle for lead-acid cell:
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a .a _
For Reaction 8AE, =1.931+ 0.05920g——5% (12)
a0
_ al-ag
For Reaction 9AE, = 2.049+ 0.0592log————* (13)
a0

1.4.2.2 Influencing factor on the equilibrium values: temgtare

The Nernst's equation shows that the temperatuneheae an influence on the potential in
two ways:

» Directly, via the term RT/F: the influence is howewuite week because if the
ambiance temperature increase to 100°C, this fastmodified just a rate of 373/298
=1.25

e Indirectly, via the equilibrium potential differeecaccording to Eg. (7), we have

OAE, __ 1 (AG) _AS

aT nF 0T nF (14)

Temperature coefficien% and equilibrium potentiahE, are often listed for the usual

temperature of 25°C (= 298K) [18]. The temperattowefficient of the equilibrium potential
of Reaction 8 can be calculated according to Egai(@ Eq. (14).

We have the thermodynamic data beld@ = -372.6 kJ.mé!, AH = -359.4kJ.mét so TAS
= 13.2kJ.mot.

Division by temperature giveAS = 45 J.K* per multiple of cell reaction (T = 298K)

Inserting this value into Eq. (14) we ha 6'50 = 023nV/K

The equilibrium potential difference at any tempara is:

AE,(T) = AE,(298 + (6§TEO j(T ~299) (15)

1.5 CHARACTERISTICS OF LEAD ACID CELL WHEN EXTERNALCURRENT
FLOWS

In this section, we will see how a current flowside a lead acid cell and the principal
phenomena occur due to this current flow: the Fargthenomenon, the individual steps of
an overall reaction and the Joule effect. Electeoulcal kinetic laws are used to describe the
rate of an overall reaction by expression of etstgrpolarization or overvoltage.

1.5.1 Current conduction in lead acid cell [23]

As introduced in 1.1.7, the electric circuit of charge-charge is completed by the charge
transport (ions) in the electrolyte from negatiwgbsitive electrodes and vice versa. This part
describes the current flow in the volume of diffireonductive mediums as well as through
different interfaces of the system.
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1.5.1.1 Current conduction in the electrolyte vodum
The charge transport in the electrolyte volume cxasually in three ways:

Migration: movement of ions under the influence of an elecfield. It is generally
characterized by the concentration of charge aatrie

Diffusion: movement of ions under the influence of a conegion gradient (or activity
gradient). Reactants move by diffusion from the tmm@ncentrated zone toward the less
concentrated zone. The diffusion is characterizgdthe diffusion coefficient of charge
carriers.

Convection movement of the medium, which is a fluid (liquad gaseous). This movement,
characterized by a speed (H),swill carry along the specig whose concentration is
(mol.m™). It can be the natural convection caused by tesadients, or forced convection
caused by agitation.

In different experimental conditions, there are sonones where diffusion phenomenon is
negligible compared to other phenomena of migratma convection. For instance, the
Nernst model is adopted for the charge transpahpimena in the electrolyte of lead acid cell
when a mechanical agitation device is used to h@mag the electrolyte (forced convection).

Nernst i Bulk electrolyt i Nernst
diffusion layer diffusion Ig
Diffusion i Migration [:Diffusion
+ ! + Lo+ ,
Migration ! Convection I\'(Iigration .
181 52|

Figure 16: Nernst conduction model in electrolytelead acid cell when a mechanical agitation
device is used or during the gassing phase to heniag the electrolyte.

Figure 16 sums up the conduction modes accordintheéoNernst model in the forced
convection condition. In the two diffusion layergean the electrodes, the convection
phenomenon can be negligible, while outside thagert the convection presence allows to
ignore the diffusion phenomenon.

1.5.1.2 Phenomena at interface of electrode/elqdo

In lead acid cell, the current conduction has tabsured at the interfaces between the solid
active material (Pb or PPand the solution ()80, and HO).

Reactive phenomenon

The free electrons, which assure the current cdraum the active materials, are not present
in the electrolyte solution. So there are othermaetsms that allow the current transmission
to ion carriers. One of them is an electrochemieattion. As shown in Figure 17, it is the
electrodeposited reaction of Plo Pb by reduction at the negative electrode ducimrging,

28



CHAPTER 1 - LEAD ACID BATTERIES

where the Pb formed stays at the surface. Readtigdaces are the interfaces, where there is
at least one chemical reaction.

Pb Pb**

NEGATIVE

ELECTRODE ELECTROLYTE

2€

Figure 17: Reduction of an ion Pbat the interface of negative electrode (Pb)/elalgte during
charging: electrode position of Pb.

Exchange phenomenon

When two sides of the interface present the samalenspecies but in different states (solid
and liquid), the exchange between these two phzeesake place. It is the case at interface
of lead acid cell where in Bbreacts with SGF to form PbSQcrystals.

Pb** Pb**
<€ <€

ELECTRODE In PbSC, | In solution ELECTROLYTE

Figure 18: Exchange schema of*Pibn at the interface electrode/electrolyte duriigcharging

Accumulation phenomenon — Electrical double layer

One of the accumulation phenomena in lead acidisdlhe formation oklectrical double
layer at its interfaces. Here, two models of double dayef Helmholtz and Stern are
presented (cf. Figure 19).

The first model of the double layer was proposedHgymholtz in 1850s. In this model,
Helmholtz suggested that there was no charge tram@sfd the solution consisted only of
electrolyte. The interactions between the ionshim $olution and the electrode surface take
place in a way that assures the electrostatic @dtwverall charges equals zero). The electrode
surface has a charge dengit¥, which is the result of excess or insufficiencyetéctrons at
the electrode surface. For the interface to berakat charge, the charge presente at the
electrode surface would be in equilibrium with teelistribution of ions near the electrode
surface.

The attracted ions, which come close to the eldetresurface forming a layer, are in
equilibrium with the electrode charge. The overaBults are two layers of charge (double
layer) and a voltage drop in this area call@dter Helmholtz Plane (OHP)This result is
absolutely similar to an electric capacitor whid@s ltwo plates separated by a certain distance
(d) with a linear voltage between these two plates.
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Figure 19: Helmholtz (1) and Stern (2) models et#ical double layer [24]

Stern proposed another model of double layer, wtitfbrs from the Helmholtz model in the
fact that the ions can move in the solution and tha electrostatic interactions are in
concurrence with the Brownian motiorThe result is always a charge layer at the vigiof
the electrode surface (100x10m) but in this case the voltage drop occurs iargdr area
called thediffuse layer

1.5.2 Faraday phenomenon

1.5.2.1 Faradic and capacitive current

In general, the current flow corresponds to thectre@a phenomenon, exchange and
accumulation phenomena. The current has two cautitoifs:

» The faradic current (because this component verifie Faraday law), which relates
to the reactive phenomenon (and eventually the angd phenomenon) of the
consumed and produced species.

* The capacitive current (simple schema of a plaggad#or), which relates to the
accumulation phenomenon at the double layer cagranat

1.5.2.2 Anodic and cathodic current

A current (faradic part) flowing through a celldsscribed by both its magnitudend by its
direction. When positive current flows from theattede to the electrolyte, the electrode acts
as an anode and the current is called anodic. Aodat current is the one that flows in the
opposite direction. In this case, the electrodes & the cathode. Figure 20 shows the

1 Brownian motion (hamed in honor of the botanist Robert Brown) is rdmedom movement of particles suspended in a
liquid or gas or the mathematical model used temes such random movements, often called a parti@ory [wikip]
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direction of the flow of current through the phdsmindary. Thus, with a cathodic current,
positive charges flow from the electrolyte to tihec&rode, or negative charges pass the phase
boundary in the opposite direction. An anodic aorreauses an anodic electrode reaction
while a cathodic current causes a cathodic one.

When a current flows in a cell, one electrode bexpthe anode and other one the cathode.
Thus, anodic and cathodic electrode reactionspdaee simultaneously in the cell.

By definition, the anodic current (in Ampere) ahe finodic current density (in Amperefym
are positive while the cathodic current and cathodirent density are negative.

Anodic curren Cathodic curren
i>0 i<O0
+ +
( ). s (+)
Figure 20: Definition of anodic and
Electrode = Electrolyte Electrode | Electrolyte ~ cathodic currents with indication of
their sign [21]
<« 9 .Y
Anode Cathod:

1.5.2.3 Faraday’ Law of Electrolysis

The part of the current that follows the Faraddg\s corresponds to the reaction rate of
system evolution compared to the initial statecharacterizes the material quantity that is
transformed.

Faraday's Law[21]: (1) the amount of chemical change producedelsctrolysis (any
reaction that involves the charge transfer acrosel@ectrode interface) is proportional to the
total amount of charge passed through the cellthi@)amount of chemical change produced
is proportional to the equivalent weight of the stalnce undergoing chemical change. In
other words, the amount of substance consumedaaluped at one of the electrodes in an
electrolytic cell is directly proportional to thenaunt of electricity that passes through the
cell.

If the reaction is at the electrode surface (cfuFé 17), the amount of chemical change is
usually expressed as weight of the deposit, ancddégis Law may conveniently be
summarized by the following formula:

_ Mt

m= nF (16)

m : weight of the deposit [0]

M . atomic weight of the substance, which is bestertrodeposited [g.md)]

31



CHAPTER 1 - LEAD ACID BATTERIES

I . current [A]
t . elapsed time [s]
n : number of charges involved in the reaction

.t is thus the total charge passed and M/n iethevalent weight.

F . Faraday constant. Inspection of Eqg. (16) shthwasF must be equal to the charge
contained in one equivalent weiglft,= 96,500 coulombgequivalent weight (based on the
chemical scale of atomic weights

The equationF = N_egy describes the relationship between the Avogadmoban N_, the
elementary chargey, and one Faraday. Thus, one faraday is the thtalge of “one mole of
elementary charges” [21].

Applying the Faraday’ law, each discharged Ah (eagl@nt to a quantity of 3600 Coulombs)
consumes 3.660g of 80y, 3.865g of Pb and 4.462g of Pb{15]. During charging, it is
inversed (3.660g of $¥$0, is consumed) except beyond the moment where thegehs
finished; such a case concernsahercharge

1.5.2.4 Faraday efficiency

When the Faraday’s law is tested experimentallpaggnt deviations are frequently found.
Faraday efficiencys defined as the percent of the total chargeckwvis effective in carrying
out the desired reaction.

m
lFaraday™ mi (1 7)

Faraday
lFaraday - faraday efficiency

Mrear . real experimental weight obtained

Mraraday Calculated weight obtained by Faraday’s law

A common cause to explain efficiencies less tha@d@s the occurrence of side reactions
during the electrolysis. For instance, in the laatl cell, as shown in Pourbaix diagram (cf.
1.3.1), the water electrolysis (which produces @wya@nd hydrogen) occurs simultaneously
with the discharge-charge reaction.

Other causes that bring to lower efficiencies dre tecombination of the product of
electrolysis, the dissolution of the electrodes amdctions of the primary products of
electrolysis with the solvent, electrodes, or emwvment.

All of these effects tend to lower the amount o ttesired product and thus lower the
efficiency from 100%. In this thesis, we deal omlith the occurrence of water electrolysis
and oxygen recombination.

11 Coulombs =1 As
2 Since 1961, the unified atomic mass unit is etuahe-twelfth of the mass of a carbon-12 atom.
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The definition of the faradic efficiency related ttee weight is difficult to use because the
weight of the products cannot always be measuredefally, this definition is rewritten in
terms of electrical quantities. The electrical @éfncy is defined as the ratio between the
electrical quantity involved in productive reactsofactive material charge) €9 and the
total electrical quantity that is supplieddiQ.p-

__ Qcn
lFaraday™ <
Faraday QCHsup (18)
In practice, the faraday efficiency of a chargefdesge cycle can be defined as the ratio of
the electrical quantity given by lead acid cellidgra discharge (1) and the electrical
quantity provided to the cell during a charge$d).

QpcH

(19)

rFaraday:
CHsup

1.5.3 Principal steps of an electrochemical reactio1, 18]

Reactions which occur at electrodes includes:
e The deposition of metal®t** + 22~ . Pb
. 2H"+22" - H
« The evolution of gases: 2
20%" - O, +4e”
* The deposition of solid salt®b+S0O;” - PbSQ + 2

e Electron transfer reactionst* + 2 _ PK**
» Oxidation-reduction reaction®b+PbO, + 2HSC, +2H,0" = 2PbSQ, +4H,0

Electrode reactions may take place in a numbetepiss which include the follows:
» Charge transfer
* Mass transport: diffusion and migration
* Chemical reaction
» Crystallization

1.5.3.1 Charge transfer (Electron transfer)

At the charge transfer reaction, charge is transfieacross the interface (across the electrical
double layer).

At a redox electrode (e.g. the negative electrodelead acid cell), electrons are
simultaneously accepted and donated by the Pbeasdame surface, as illustrated by the
arrows in Figure 21. The lengths of the arrowsesent the magnitude of the charge crossing
the phase boundary in either direction per uniaamed unit time. Hence, the lengths of the
arrows correspond to the densities of the two awsr8owing in opposite directions, i.e. the
anodic partial current density and the cathodic partial current densitySince the anodic
and cathodic current densities andi. are positive and negative quantities (cf. 1.5.2.2)
respectively, the total current density throughdbeable layer is:

=04 +i. (20)
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In the charge transfer reaction, taking place enntbgative electrode, the reduced Pb species
is oxidized into PB species by donating two electrons to the inertteddle metal (Pb-

PK** + 26, anodic direction). Conversely, the charge transfaction in a cathodic direction
involves transfer of two electrons from the metmlthe oxidized species Pb which is
reduced to Pb (Bb+2€ — Pb).
7 A

€ .

7, I+ .

. i <4—— 1>0 (anode

L

/ i+ =|i.| =i (exchange current densi
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The charge transfer reaction is a fundamental itapoe in electrochemical kinetics, since it
is the only reaction directly affected by the elede potential. The effect of other variables
on the potential is only indirect because theseabtes can influence the charge transfer
reaction.

1.5.3.2 Reactant transport (mass transport): difnsand migration

The transport of reactants to and from the interfaccurs in two ways: diffusion thanks to
concentration gradient and migration, which is rth@vement of ions under the electric field.
The following equation represents the mass transfer

No==p %G, M 21
nF et zF (1)
N,  :flux of species j [mol.chs™]

I/nF @ current equivalent

dc/0g : concentration gradient [mol.&n
D - diffusion coefficient [chs?]
t; : transference number
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z : valence number (charges par ion j)

& . diffusion direction [cm]

In Eg. (21), the first addenE)L D,—i—?) relates to the reactant transfer by diffusion #mel

second[z"—tiF] by migration.

i-
Diffusion

The first law of Fick describes the basic relationone-dimensional diffusion:

dn= —D.f.%dt (22)

n : number of moles, which are transferred

f : section where the reactants pass through Wysiioin [cn]

dc/dx : concentration gradient [molefopar cm]
dt . period of time [s]

The diffusion depends on the concentration gradienthe first addend of Eq. (21), the
diffusion corresponds to an equivalent current\wwedan write:

iip Cj—C; _ nFD.
# = ]]T]O or Ij,D = d ! (C] _Cj,O) (23)

G-Cio - (negative) concentration gradient of species |

d : thickness of the diffusion layer
Migration

The second addend in Eq. (21) relates to the mowemieions under the electric field
influence. This transport corresponds to an eledurrent, callednigration which creates
concentration gradients.

The transference number in Eq. (21) announceshiwe ©f the total current that is carried by
the corresponding ionic species. In a binary ebéy, dissociated into Aand B, the
transference number are connected by the relation:

t,+t =1 (24)

The transference number depends on the ion comatentrand on the temperature. For

sulfuric acid in diluted solutions as well as elelttes used in lead acid batteries, the
transference numbers are:
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t.=t" =0.9
t. =tsos = 0.1

Therefore, in this sulfuric acid solution, 90% bgtionic current is carried by protons™jH
and only 10% by negative ions (H$D

1.5.3.3 Chemical reactions, forming reactions: eation and crystal growth

Chemical reactions, where the ions of opposite ssiget together to form new products,
precede or follow the charge transfer reaction.yTi@y occur in the bulk of the electrolyte
or at the interface only.

The crystal or nucleation reaction is the reactilorwhich metal atoms, deposited on the
surface during the course of the charge transtagtien, are included or released into or from
the ordered lattice of the solid metal electrode.
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e 5@3‘1 : | =
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Figure 22: Schematic presentation of discharge-gkaprocess in lead acid battery using negative
electrode as example: charge transfer, mass tramqiffusion), chemical reaction, crystallization
and dissolution. [2]

Figure 22 results schematically the electrochemigattion, diffusion and chemical reaction
during discharge-charge process of the lead agdtive electrode.

During discharging, the Pb metal dissolutes andgjiwo electrons to the grid and becoming
a PB" ion (dissolution, charge transfer). As the coneitn of PB* ions increases gradually
at the grid surface, they move therefore towardeleetrolyte bulk and meet the $@bns,
which are at the same time attracted from the migte bulk toward the electrode porous
volumes where their concentration is weaker (diffas These ions of opposites signs react
to form PbSQcrystals (chemical reactions, crystallization).

During charging, the process is the same but irogp®site direction.

36



CHAPTER 1 - LEAD ACID BATTERIES

1.5.4 Electrode kinetics - Polarization, overvoltag notions [21]

1.5.4.1 Electrode kinetics

One task of electrode kinetics is to explain thgusace of partial reactions constituting the
overall electrode reaction, which can be determimgd¢hemical analysis. Another task is to
determine rates of electrode reaction, which adngrtb Faraday’'s law are proportional to
the current density. The dependence of the current density, or ofraetion rate on the
electrode potentidE, on the concentratiors of reactants§ and on other variables (like the
temperature) must be determined in order to s¢lgdwo foregoing problems.

Valuable information about partial reactions canob&ined especially from the dependence
of the total current densityon electrode potentid and concentratiog;. The total current
densityi is the sum of the positive anodic partial currdansityi. (> 0) and the negative
cathodic partial current density (< 0). Dependence of the current on potential and
concentration is primarily governed by the coeéiitia, the electrochemical reaction orders
2, Z,, limiting diffusion current densitiesy, limiting reaction current densitiels, the
stoichiometric factors;, the electrode reaction valenteand the transfer valenee

In electrode kinetics, as in chemical reaction #asg the slowest partial reaction is the rate-
determining of the total reaction. The magnitudes aype of overvoltage is therefore
governed by the slowest partial reaction.

1.5.4.2 Polarization and overvoltage notions

When current flows through an electrode, its po# k(i) assumes a value different from that
in the absence of curreB(0). As introduced in 1.4.2, the zero current potérE@), will be
the Eo. However, in the case of lead acid electrode,dassthe discharge-charge reactions,
there are always secondary or parasite reactidnd.@). The zero current potential of lead
acid electrode does not correspond exactly to gudilrium potentialE, of only the charge-
discharge reaction, but it is a mixed potentialpahcipal discharge-charge reactions and
secondary reactions. Therefore, there are two itiefinof the deviation of the electrode
potentialE(i) from the potential in absence of the current f{&@{0))

* The deviation of the electrode potenti&(i) at the curreni from the equilibrium
potential of the discharge-charge reactns calledovervoltage

* The deviation of the electrode potentt&a{i) at the curreni from the zero current
potential of lead acid electrodg(0,) is calledpolarization

n = E() - & = overvoltage (25)
n = E(i) — E(0) =polarization (26)

Since an overall electrochemical reaction conggtsmiany steps (cf.1.5.3), different types of
correspondent overvoltage/polarization are defatirge transfer or activation overvoltage
7. for charge transfer reaction, diffusion overvoiagy for mass transport by diffusion
reaction, reaction overvoltagg for chemical reaction, crystallization overvoltagg for
forming reaction. Furthermore the ohm drop caudss an overvoltage, called resistance
overvoltager,.

The overall overvoltage is the sum of all overvodéts above:
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N=NatNc*tNr+NertNa (27)

According to the four types of overvoltage (notluting resistance overvoltage), there are
four possible types of rate-control or rate-deteing.

1.5.4.3 Activation overvoltage (or charge transfgervoltage)a

Hindrance of the charge transfer reaction across dlectrical double layer causes the
formation of charge transfer overvoltage

The electrical double layer, which forms on thefawg of the electrode, acts somewhat as a
capacitor, and, before the electrochemical reactan start, some energy is needed to
overcome this energy barrier, known as the actvagnergyiGa.

According to Eq. (6), a change of the electrodeepimal, E, results in a change of the free
energy of reaction bygFE per mole of reactants. Thus the free energy ot#tleodic reaction
is changed bynFE, while that for the anodic reaction is changed by)nFE, wherea is a
fraction, calledtransfer coefficienof the cathodic charg&@he transfer coefficient denotes
how “symmetrically” the reaction and its reversapdnd on electrode potential (usuailys
about 0.5).

The rate constant of a reactidn,is proportional toexp(AGA/RT) according to Arrhenius
equation [1] so that:

The rate constant of anodic reaction.i€kp@nFE /RT).

The rate constant of cathodic reaction.ieXp[-(1-0)nFE /RT].

The rate of the reverse reaction is:

=i, +i_= k+credex;{ﬂj—k_cox ex;{ - G)E) (28)
RT
I B, I : currents per unit area of the electrode (anadt cathodic electrodes)
Creds Cox : concentrations of the reactants at the eleetsaniface (reducer and oxidant)
K, ki, k. : rate constants at the potential from whicis measured.

To avoid the ternk that depends on some potential from whicls measured, it is useful to
use the value of the equilibrium potentia). Although there is no net reaction=0), the
equilibrium is of course dynamic, the rate of tm®dic and cathodic reactions being equal
(cf.1.4.2). The equal rates are expressed by theagge current. At equilibriufe = Ep, the
reactant concentrations are equal to those in tilk bf solution, the currents in both
directions are equail; (0) = -i.(0) = i, SO we can write:

i, =k C,edexr{ j _=-k_cyy, exr{— (1—0()n—FEj (29)

ip=i,(0)=k credex;{oég:_:EOj,—iO: =-k_c, exr{ - 0()—Eo) (30)
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Whereiy is calledexchange current densitirat characterizes the dynamic equilibrium. It is
an important kinetic parameter. High exchange atrgensity means that the equilibrium
potential is rather stable, while low exchange entrrdensity indicates that the electrode
potential will be polarized even when a quite sntalirent flows through the electrode. In
lead acid electrode, the exchange current densitiyeocharge reaction is in the order of°10
A.cm'z, while the exchange current density for hydrogealgion is in the order of 18
A.cm”.

Combining Eq. (29) and Eq. (30), tBatler-Volmerequations are obtained:

] F 1-a)nF
|=|0_ex;{%(E—E°)j—ex;{—%(E—EO)H or

i =i _ex;{a—nFn j—ex;{——(l_a)m:r] H
oM RT ® RT @

Eq. (31) describes the current/voltage curve (df.g. 239).

(31)

The voltage deviation from equilibrium E + £nj, is activation overvoltage

This double exponential form of the current-voltagaction Eq. (31) is characteristic of
simple electrochemical reactions. It has two uskfuiting forms:

*  Whenli| >>ig (or |7a] >> RT/nH, one of the exponential may be neglected depgndin
on the sign of the current and the overvoltage rgp@rtional tologli|. This was
observed experimentally by Tafel in 1905 and th& pf 7, againstlog|i| is called
Tafel line.The following expressions are obtained for thedimand cathodic current

densities:
.. ankF RT . RT , . .
i Zigexg — andn,=-——Ini,+——Ini =a+blogi or
0 F{ RT naj Na anE T onE g (32)
o (1-a)nF RT . RT . .
I =—-ijexg — andn,=—————Ini,—————In|i| = a+blod|i
0 F{ RT & fla d-o)nF ° (@-a)F i di

Thus, at high overvoltage, a linear relationshistsxbetween the charge-transfer overvoltage
and the logarithm of the current denditji| orlogl|i|. Egs. (32) are known &safel equations

By extending the Tafel lines to the equilibrium gmtial , = 0, one obtains the exchange
current densityo. The value of the transfer coefficients obtained from the slope of the line,
which corresponds to the valben Egs. (32).

*  Whenl|i| <ip the exponentials may be expanded and terms ighihlan the second
which is neglected: i =omF/RT. Since the current is now a linear functiontloé
overvoltage, the electrode behaves as a simpleton™ resistance.

At constant temperature and current density, theevaf the activation overvoltage is small

for most solid electrode systems, but accountshii®rsmall drop in voltage immediately when
the current is switched oodup de fougbhenomenon [25]).
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1.5.4.4 Diffusion overvoltagey

Diffusion overvoltage appears when the supply attants at the electrode or the removal of
the reaction products is rate-determining of thectien. The condition for the appearance of
pure diffusion overvoltage is that all chemical g@sses, including the crystallization
processes and also the charge transfer reactian agpiilibrium. It indicates that in this case
the calculation of the potential of an electrodéhva flow of current is possible with the aid
of the Nernst equation for equilibrium potential.owkver, the concentrations of the
components directly at the surface must be usedhanthose in the interior of the electrolyte.

Therefore, the diffusion overvoltagg is equal to the difference between the equilibrium
potentialEy in absence of current flow and the equilibriumepial Eq(i) which form during
currant flow as a result of the changed concewmati of the componen§ directly adjacent

to the surface, in accordance with the Nernst eguétf. Eq.(10)).

. RT RT
Ng = EO(') - EO = EO,standard"'Fln(Cj)_ EO,standard_Fln(Cjo)
0 =BT )
4T cjo
o : concentration of the componef at equilibrium, which is a function of the

temperature and the concentration of sulfuric acid.
G : actual concentration of the compongnt

Diffusion can limit the reaction rate when the miassport precedes the charge transfer step.
Within a very strong current, the concentratigntends to zero at the electrode surface,
meaning that all ions and molecules arriving byfudiion are charged or discharged
immediately and thus loose their charges. Eq. é33umes thajy has to be close teo-so

that the exponential can be neglected. It is thos possible to increase the current in
increasing the voltage. As a result, the currenhoaexceed a certain value, called limiting
diffusion current;m, which is obtained from Eg. (23) gt= 0.

Fim,j = _cho =kcj (34)

As k is a constant, the limiting diffusion current does depend on applied voltage and the
Ohm law does not apply anymore.

Combining Eq. (23) and Eq. (34) results in:

i _ Cc—¢Cg

- :1_£ or i:]_—_l_ (35)
Lim Co Co Co lim
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n 1-‘_]

nF \c®) nF iim (36)
RT, ( ke —i

Ng =—=N
nF ke,

Eq. (36) shows that at a given current value, iffasion polarization can be observed when
the concentration at equilibriugg is weak and it is lower when there is an incre#ds®. The
diffusion polarization can be diminished as well imgreasing the constalkt = -nFD/d

(i =$(c—c0), cf. Eg. (23)), so decreasind (vigorous agitation) or by increasing the
electrode cross-sectian(i=I/q). Like the diffusion current, the diffusiquolarization does not
depend on the potential.

The definition of the diffusion overvoltage is egalent to that of the concentration
overvoltage, which relates to all types of concaiin changes. Thus the concentration
overvoltage is the sum of the diffusion and thectiea overvoltage.

Figure 23 and Figure 24 illustrate schematicallyvhooncentration polarization operates
during the discharge of the lead acid electrodeRefction 2).

As soon as the charge transfer reaction startscdheentration of ions reacting with the
electrode falls rapidly at a rate dependent on dhgent in its immediate vicinity and

decreases less as the distance increases. Th@aéepbtential falls by an amount defined by
the Nernst equation. Migration and diffusion pre@essoperate to reduce the concentration
electrolyte

gradients by mass transport of the reactants.

|
|

Pb It + DQC It

F dx I F
|
|

It~ _.dc | +

p— D — | It

Pb Foodx . F
|
|
|
|

electrode

PbSQ, + &~ Pb
H,0" HSO, +H,0

Nernst
diffusion layer

rate = I/2F Bulk electrolyte

Figure 23: Concentration polarization during diselgang at negative electrode [26]

HSO, ions are removed at the electrode surface at @ egual tol/2F moles/s and
replenished from the bulk electrolytelttF moles/s while protons in form of:®" move into
the bulk electrolyte at a rat€/F moles/s (cf. 2term of Eq. (21): migration}’ andt™ are the
transport numbers of HSCand HO" ions respectively.
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Figure 24: Electrode potentials {Eo E;) with corresponding times {To Ts) vs. concentration [26]

The concentration gradients in the diffusion lagecelerate the diffusion of HQQons by
amounts equal t®.dc/dxbut retard the diffusion of 40" ions by amounts equal @.dc/dx
whereD andD' are the diffusion constants add/dxis the evolution of the concentratiorat
a distancex from the surface (cf.%1term of Eq. (21): diffusion). Figure 24 shows how
changes in the concentration (which occur in tloenity of the electrode at tim§ to Ts from
the outset of the discharge) affect the electrodtergial, as defined by the expression

E =E0—R—|-:rlnc.
n

A similar model can be drawn for the Pb@bsitive electrode, although this is more complex.
In this case, the formation of,8, as indicated by Reaction 3, causes furtheridiudf the
electrolyte in the diffusion layer.

1.5.4.5 Reaction overvoltagge

The reaction overvoltagg; is a phenomenon resulting from the existence sloa (rate-
determining) chemical step on the overall electromiection.s;, appears separately when the
other component steps of the overall reaction, siscthe charge transfer and diffusion of the
substances, are not the rate-determining. By diefimithis chemical step is a reaction whose
rate constant does not depend on the electrodat@ite

If only the reaction overvoltage occurs, the chargasfer equilibrium for the transfer of the
charge carriers through the double layer must neraadisturbed during the flow of current,
even though an electrochemical reaction takes plEwoe charge transfer equilibrium remains
undisturbed during the flow of current only whee #axchange current densityis infinitely
high or the external current densitis very small compared ig (i<< ip), so the deviations of
the charge transfer equilibrium are negligibly dnfefl 1.5.4.3).

According to Vetter [21], from the general defioiti of overvoltage, the reaction overvoltage
can be defined by:
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_RT (a(i) (37)
N, —Vﬁln[?]
In which:
Y . stoichiometric factor of the substan8en the partial electrode reaction, which is

positive wherSis an oxidized component of the partial electrosection and negative when
Sis a reduced component of the reaction

n : electrode reaction valence (mole number ofggsimvolved in the reaction).

a(i) : activity of the substanc® which is a function of the current density beeaasthe
slow rate-determining chemical step.

& . activity of the substanc®at equilibrium.

1.5.4.6 Crystallization overvoltagg,

With metal/metal ion electrodes, overvoltage isepbed and it is due not only to transport
and to reaction, but also to crystallization. Actng to Stranski’'s theory of crystal growth,
each metallic ion deposited must first find its waya suitable site at the edge of a lattice
plane before it can be accepted into the lattiagst@llization overvoltage is caused by a
hindrance in the inclusion or the release of thé-dtoms” into and from, respectively, the
ordered lattice of the solid metal electrode. THeatboms on the metal surface in the state of
metallic bond are metal ions in the state in whiaky are deposited on the surface during the
course of cathodic charge transfer reaction. Thataohs are the reduced specgsof the
charge transfer reaction at the surface concemitrayj (or activityay) (cf. 1.5.4.3).

The crystallization overvoltage is defined so tltatoccurs alone only when all other
processes, such as charge transfer, diffusion haohical reaction in the electrolyte are in
thermodynamic equilibriumeven during the current flow. Hence, for the chltian of the
overvoltage, the Nernst equation can be appligddaactivities of the ad-atoms, in the case of
equilibrium,ay’, and during the flow of curreray. In accordance with the general definition
of overvoltage, the crystallization overvoltagg: equals the difference between the two
potentials:

(38)
E- EO =N = _Eln(a_MO\J
nF ay,
VM : = -1 for ad-atomSy is a reduced specie)
n : ion metal valence

1.5.4.7 Ohm overvoltage or resistance overvoltage

Resistance polarization was studied in detalil bitéren [21]. In brief, resistance polarization
or ohm polarization drop consists of three factors:
* Resistance polarization due to electrolyte rest&an

! The necessary deviation from equilibrium during flow of current will be assumed to be so smadt ttis influence
cannot be observed experimentally.
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* Resistance polarization of surface films
* Resistance polarization as a result of the cumependent resistance of the diffusion
layer.

Barak [26] explained these phenomena in the gatvead acid cell as follows:

During discharging, the concentration of the eldgte falls steadily with a corresponding
increase in electrical resistance. As show in T8bkais amounts to over 60% for a fall in SG
from 1.250 to 1.070. The high resistance of Pp$@s it almost in the category of a non-
conductor and the combined effect of these twafachdds another vector to the polarization
of the cell. It is interesting to note that theisasity of massive Pb®is ten times higher than
that of metallic lead, but less than that of sterhgttery electrolyte by a factor of*10

Problems of mass transport, caused by restrictésiin, are mainly responsible for the low
coefficients of use of both positive and negatiecéva materials. To limit the polarization,
these materials are prepared in a highly porous.stae average pore size is, however, small
and the channels for circulation of the electrobte tortuous, presenting additional obstacles
to diffusion. For this reason, plate thicknesseskapt as low as possible, particularly where
discharges at high rates are often needed.

As the discharge proceeds, the particles of actigterial become isolated from one another
and also from the current-collecting grids by filwfslead sulfate. The molecular volume of
the PbSQ is appreciably higher than that of either the Plo®the Pb, from which it is
formed and the porosity of the active materialsfateadily during the discharge. There is,
however, a practical limit to the porosity of theiae materials, which must retain electrical
contact between particles and sufficient mechanstaéngth to prevent disruption by
dimensional charges, leading to premature shedahiddoss of capacity.

Table 3: Specific resistivity and density at 2026][

Specific resistivity Qcm) Density (g/ml)
PbO, Massive . 2 X 1044 9.4
Porous active material 74 x 10
Pb Dense metal 0.2 x 10 11.3
H,S0; solution SG 1.250 or 4.3molar 1.230 1.250
1.070 or 1.1 molar 2.000 1.070
PbSQ - 0.3 x10° 6.3

1.5.5 Voltage at the terminals of an electrochemitaell

The table below resumes all factors that relateth® voltage at two terminals of an
electrochemical cell with current flows (during ofiag or discharging).
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Table 4: Expression of voltage at two terminalsiofelectrochemical cell when a current flows [27]

V= (E+ - E-)egi [(T|+ - 11') + RI]
o\ . N -~ J
4 |
Working energy
factor of the
system

Thermodynami
factors

Electrode Electrode overvoltage Ohm drop in electrode
equilibrium (With current flow) (With current flow)
potential ELECTROCHEMICAL ELECTROLYTIC

(At zero current) KINETIC LAW SOLUTION LAW

Whose application

‘ NERNST's LAW | depends on the order of

overvoltage grandeur Cell Electrolyte
‘ geometry concentration nature
HH-Voltage Low overvoltage Average overvoltageHigh overvoltage
. BUTLER- TAFEL's FICK's OHM's KOHLRAUSCH's
dlagram VOLMER'’s LAW LAW LAW LAW LAW

Charge
transfer

1.5.6 Current-related heat effects (the Joule efféc[1]

Current flow through any conducting object genesadeat that is proportional to the voltage
drop caused by the current itself according to:

dQyouddt =AE.j (39)
In which:

Qioule : generated heat (Joule effect) [J]

t : time [s]

AE - voltage drop caused by the current V]

[ : current as a function of time [A]

This heat is called the Joule effect; it always nsebbss of energy. The negative absolute
value should be used in Eg. (39) for consistencyh vthe arithmetical sign of the
thermodynamic parameters (lost energy always lesdhgative sign).

In an electrochemical cell, the voltage drop causgdhe current consists in the difference

between the cell voltage under current flowand the open-circuit cell voltage Eg. (39)
becomes:
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dQyouddt = (V — E).i (40)
EqQ. (40) describes a composite parameter of

+ the “genuine” Joule effeadQ/dt = R, which describes the heat generation by the
current flowi through the ohm resistande of the conducting elements and the
electrolyte, and

« the irreversible heat effed. 4Syeversile Which causes voltage drops between the
electrode surface and the electrolyte on accourgaxdtion hindrance. This additional
heat is caused by additional entropy of reactiBeversiie Which cannot be
compensated when the reaction is reversed.

Both effects, however, cannot be separated in ldetrechemical cells in normal conditions.
For this reason, the sum of both is usually caltedJoule effect.

The differenceV — E when measured as cell-voltage deviation, incluesovervoltage and
ohm drops shown in Table 4. In general:

Polarization = overvoltage + ohm voltage drops
The Joule effect can be described as the energraed per unit of time:
dQJouIJdt = (V - E)l [W] (40)

Or in its integrated form for a periotif hours)
t

QJouIe = J.{(V - E)i}dt [Wh] (41)
0

1.6 CAPACITY OF LEAD ACID BATTERY [1, 25]
1.6.1 Capacity

The energy that the battery delivers during a disgh is described as tlapacitygenerally

in Ampere — hour (Ah). The energy output of a bgtte defined as follow:
t 42

C= j (t)dt 42)
0

When the discharge current is constant (E.g. irorktory experiment), Eq. (42) can be
rewritten:

C= At (43)
According to the conditions of discharge or to thecharge parameters (discharge current —
discharge rate, voltage limit, temperature) by White capacity is determined, the obtained
capacity is not the same [1].

Nominal capacityis the battery capacity given by the manufactuleis determined in

specific conditions of discharge rate, voltage fimnd temperature, which are fixed and
generalized for each kind of battery applicatioor Fstance, the nominal capacity of SLI
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batteries is generally determined at the discheatgeof C/20. It means that a SLI battery with
a 100 Ah nominal capacity will supply a 5 A (100/2@irrent during 20 hours (C/20 rate) of
discharge until a given voltage limit at 20°C oomo temperature. Similarly, the nominal
capacities of stationary and traction batteriesumgally evaluated at discharge rate of C/10
and C/5.

Voltage limitis the condition of end-of-discharge to evalusiee ¢apacity. Theoretically, the

voltage limit is applied to avoid deep discharge,iro other words to prevent the active
materials from degradation and to prevent polantersions (cf. 3.1.2). The voltage limit

value depends on the discharge rate; the highteislischarge rate the lower is the voltage
limit. Practically, voltage limits are also chosaocording to battery configuration (single
cell, series or parallel configurations), batteeghnologies (flooded or VRLA batteries) as
well as battery applications (SLI, traction, statioy) [1].

Battery capacity evaluatiors the process used to determinateliattery capacitycycles of
charge-discharges or a discharge test after aliglige. This makes the difference between
the battery capacity and seasured capacityyhich is determined also by a test of discharge
but without doing a full charge before. In contrasth the nominal capacity of the battery,
the measured capacity varies with the time and mt#pen its “electric history”, other words
on its previous utilization. The measured capaistylso sensitive to degradations after a
certain number of charge-discharge cycles, ovegehperiods or a standby period at a weak
state of charge [25].

1.6.2 State of charge

The State Of Charge (SOC) of a battery can be eléfes the capacity left, which is the
charge quantity liberated during a discharge adudein a given condition of current,
temperature and voltage limit. In the standardsC3@en corresponds to the ratio between
the capacity left and the nominal capacity:

CIeft — Cnomin al — Cused =1-DOD

C

(44)

nomin al nomin al

Cused : the capacity used.

DOD : Depth Of Discharge, which is the ratio betweke capacity used and the nominal
capacity.

Cused (45)

nominal

DOD =

The SOC varies from 1 (or 100%) at thiate of full charggo O (or 0%) at thelischarged
state The state of full charge and discharged staté lvél defined in detail in the next
chapters (cf. 2.1.4.1 and 3.1.2). Sometimes, theimal capacity is not the initial maximal
capacity of the battery. So, the SOC can be supierib.

1.6.3 State of health

The State Of Health (SOH) of a battery can be eéeffias the charge quantity liberated during
a discharge executed in a given condition of cuytemperature and voltage limit after a full

a7



CHAPTER 1 - LEAD ACID BATTERIES

charge. In the standards, SOH often correspondsetoatio between the measured capacity
and the initial capacity (hnominal capacity):

C (46)

nominal

SOH=

The SOH varies also from 1 (or 100%) to O (or O¥dwever, in practice, the SOH is
between 1 and 0.8 (or 100% and 80%), as it is densd in general that a battery reaches its
end-of-life when it liberates less than 80% ohitial capacity (or nominal capacity).

It is important to notice that Eq. (46) is onlydrwhen the measured capacity and the initial
capacity are measured in the same discharge comslifdischarge current, temperature and
voltage limit).

The SOH defined here allows estimating the battging regarding to the capacity that it is
able to liberate. Nevertheless, capacity is noagbra significant parameter to define battery
aging, for instance in SLI and cell telephone aggtion. In this thesis, capacity is used as the
aging parameter as it concerns only stationarynaoiive applications.
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Conclusion of chapter 1

This chapter assembles the principal informatioaded to know and understand lead acid
batteries: technologies, application markets, howsdt work, what are its characteristics at
open circuit as well as at working mode, i.e. v@gternal current flows.

The lead acid battery technology is regrouped twin major construction types: flooded lead
acid batteries and valve regulated lead acid basterVRLA batteries. One of the primary
features that distinguish VRLA batteries from fleddlead acid batteries is the internal
recombination of water dissociated by electrolyisenks to an immobilized electrolyte.

The application market of lead acid batteries \gd#id into three main segments: starting,
lighting and ignition lead acid batteries - SLI teaes, motive lead acid batteries, essentially
heavy-duty applications, and stationary lead aaitieoies for back-up supply.

When a lead acid cell is in service, at dischargeto supply electricity to a DC load or in
charge i.e. to re-establish its chemical energgriesthanks to a generator, its voltages
different or shifted from the equilibrium value, it open circuit valu&. The equilibrium
voltage of a cell relates to the maximum energyt tten be conversed by its reactions,
electrical energy into chemical energy and vicesagcalled Gibb free energy chamtfe, by
the relation4G = - nEFR. During charge and discharge, the difference efc#ll voltage from
its equilibrium valuedV = V — Eis attributed to ohmic loss and non-ohmic poldiozes,
which resultjn fine, in heat evolution.

Regarding reactions of a lead acid cell, one ingmdrtemark is that main reactions (charge
and discharge of active materials) and side reastigwater electrolysis, oxygen
recombination, corrosion, etc.) occur simultanepusithe cell at open circuit as well as at
charge and discharge. This situation has a sigmificmfluence on lead acid battery behaviors,
in particular at open circuit and during chargehds to be taken into account in lead acid
battery managements. This characteristic of |leadl [zatteries will be analyzed through this
thesis: at charge with the electrolyte destratiiozaby gassing (chapter 2), and at maintaining
the charge of stationary lead acid batteries, whiegesecondary reactions are responsible at
the same time of the self-discharge phenomenorohtiw principals failure modes - dry-out,
corrosion of the positive grid, thermal runawayeading to end of life of these batteries
(chapter 4).
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CHAPTER 2 - CHARGE OF LEAD ACID BATTERIES: FROM TRA DITIONAL
CHARGE TO ACCELERATED CHARGE WITH EARLY DESTRATIFIC ATION

Introduction

As mentioned in chapter 1, main reactions and sedetions simultaneously occur in lead
acid cell. During charging, this co-existence o t#ide reactions with charge reactions of
active materials, in one side, can influence, rieeluce, the charge efficiency; producing a
negative effect. But in another side, gassing @gand H evolution) can be used to reduce
the stratification phenomenon of the electrolyleisthaving a positive effect.

In practice, a charge process has to answer thieeigal conditions: reasonable or desired
charge duration, sufficient state of charge an@piable electrolyte homogeneity.

In general, charge durations are imposed or dentbacksording to applications. For instance,
a 12 to 14-hour charges for charging batteriesngunight, when batteries are discharged
during day; a 8-hour charge for 3 shifts/day inusitial batteries (traction batteries).
Currently, new applications appear needing redudetge duration: 4-hour charge in the
case of grid storage due to reduced durationseotlidck period during the night (e.g. 1 to 5
am), in the case of a fast charge of batterieseictic buses, the total charge duration is of the
order of an hour during noon break-times or waitinges at terminal stops.

Two conditions of the sufficient SOC and the acaepé electrolyte homogeneity are mainly
governed by following important factors: chargeegtance and current of gas evolution for
destratification, called gas current.

In a typical charge process, which lasts from &4dours, in order to make the management
easier, the destratification is done at the endhefcharge when the charge acceptance is
considered to be negligible and the gas currem¢ssmilated to the applied current.

Nowadays, the reduction of charge time requireddy applications (4 hours, 1 hour or less)
drives to design and develop new charge processes.

In this chapter, first of all, the charge acceptamwtion, the electrolyte stratification
phenomenon and the destratification by gassingpaesented. Then, variations of charge
acceptance and gas current during a typical chgrgnocess are analyzed. This analysis
shows difficulties in the control of the destrat#ftion phase in the case of accelerated
charges, i.e. durations less than 8 hours, andttireislemand of a new charge process for
reduced charge times. This is the reason why, éenrtbxt part, we search to control the
destratification phase by charge acceptance measutesolutions. Finally, a new charge
method using charge acceptance measurement isnta@lat is tested with a commercial
charger of IES-Synergy Society.

2.1 CHARGE OF LEAD ACID BATTERY

2.1.1 Reminder of reactions during charging

Negative electrode:
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PbSQ, + 2~ +H;0" = Pb+HSQ; + H,0 Reaction 5
2H;0" + 2™ = H, +2H,0 Reaction 10

Positive electrode:

PbSQ +5H,0 = PbO, + HSO, + 22 +3H;0" Reaction 6
3H20:>%02 + 2 +2H,0° Reaction 11
Overall reactions of charge:
2PbSQ, +4H,0 = Pb+PbO, + 2HSO, +2H 0" Reaction 7
Overall reaction of water electrolysis:

Reaction 12
H,O0= %Oz +H,

Dissolution-Transport Mechanism PbO, Solid-State Mechanism
Solid Pb or PbO, Solid PhO,

=Disassociation

//J Pore Fluid

4 H,0 — 2H*40%

(i) Dissolution
PbSO,+H*— Pb* +HSOy ﬁ

> = Pore Fluid
(ii) Transport \ )
‘\"‘_) *Transport
ﬁ (if) Electrochemical Reaction
o
- Pb*+2e ::Pb

Pb2*+2H,0— PbO, +4H+2e- *Oxidation
PbS0), +20%s PhO, +50, +2¢

Figure 25: Schematic description of the dissoluiansport mechanism within a solution-filled
cavity of porous Pb (or Pb{) electrode; schematic description of a proposetidssiate charge
mechanism within the Ph@lectrode [28].

Petkova et al. [29] described the mechanism of Bh®Quction to Pb comprises following
elementary processes:

« Dissolution (chemical reaction) of Pb$€rystals to PB and HSQ ions.

« Diffusion (transport) of P8 ions to the active centers where the electrochamic
reaction of PB' reduction to Pb proceeds (charge-transfer).

» Surface diffusion of Pb atoms to the sites of Plleation and crystal growth
(crystallization).

» Diffusion and migration of HSQ ions out of the pores of negative active material.
This step is very slow as the H$Qons have a very low mobility. Electro-
neutralization of the HSQions proceeds through diffusion of®f ions from the
bulk solution into the pores of the negative actmaterial. As the transference
number of HO™ and HSQ ions is 0.9 and 0.1 respectively, theCH ions have 9
times higher mobility than HSOions. The electrochemical reaction continues amly
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the sites of active material where the HSOns are electrically neutralized. If the
negative charges of HQODions generated by electrochemical reaction are not
neutralized, the pore volume will be charged negati and the electrochemical
reaction will stop at this particular site.

* The HSO, concentration in the pores increases and a camatiemt gradient is formed
between HSQ, in the pores and the bulk of the electrolyte (gtcation phenomenon,
cf. 2.1.3). Under its action, A0, diffuses towards the bulk solution. This is a low
process.

Similar processes take place at the positive @detwwhere PbSQs oxidized to Pb@
2.1.2 Charge acceptance

2.1.2.1 Definitions

Several definitions of the charge acceptance, im tef a current, of a flooded lead acid
battery can be found in the literature [1, 2, 5,3@ 31].

Berndt defines the “acceptance”the share of the current that actually is “accepgtég the
battery and could be retrieved by subsequent digghfl]. Indeed, the charge current is
partly involved in side reactions, mainly gassifgcording also to Berndt [1], charge
acceptance is determined by the balance betweekirtagc parameters of the main charge
current and the gassing current. In other worddegiends on the rate of the main and side
charge reactions. This definition is difficult teeauin practice because this “acceptance”
cannot be directly measured, but only evaluatedtaking into account the losses through
side reactions. This definition of the charge atmege is associated to faradic efficiency
(Fraraday @s the following:

I
— _ACCEPTANCE
rFaraday_ (47)

ICHARGE

In which:

IaccepTance : Charge acceptance
lcHARGE : charge current

Charge acceptance may also be defined as the maxpuwrent a battery can absorb for its
main charge reaction. This corresponds to the maximalue that can be reached in the case
of the first definition. Although this concept iagly understandable, measurement of such a
charge acceptance is very difficult.

A very different definition is the total charge oemt (main and side reactions) under a
constant charge voltage. The result can widely waith the chosen voltage value. This
includes for instance charge currents under fldetrges (charge with very low rates, cf.
4.1.2).

Gassing becomes noticeable when voltage is abaweeahold value, called hegassing

voltage The gassing voltage depends on temperature, ehatg, alloy quality, battery age
and history. Moreover, as “noticeable” is subjegtiit depends also on the observer
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appreciation. The gassing voltage is statisticallyated between 2.3 and 2.6 V/cell. In this
thesis, the charge acceptance of the flooded leat battery is assumed to be the charge
current passing through its electrodes at a gasantigge. Thele [5] has used a similar
definition for modeling the charge acceptance abdled lead acid batteries.

2.1.2.2 Charge acceptance profile

As mentioned in 1.5.3, the overall charge reactonsists of four partial steps: charge

transfer, mass transfer, chemical reaction andtaltigation. Corresponding to each step, a
respective overvoltage appears when this stepdsd#étermining-rate of the reaction (cf.

1.5.4). The charge acceptance profile is in facinamge that describes the charge reaction
rate, which is limited by one or many partial stepshe charge reaction. In other words, the
acceptance profile is drawn based on electrochérkilcatic parameters. At their turn, these

electrochemical kinetic parameters depend on mangitons such as the initial state of the

battery (depth of discharge), the history, andrétte of charge.

At the beginning of the charge process, as thereadot of PbSQcrystals and initially no
concentration gradient, the charge-transfer reacti® generally the determining-rate.
According to Takehara et al. [32], the charge-tl@nprocess and the mass transfer process
are the rate-determining steps for the oxidatiorPlb6Q to PbQ and for the reduction of
PbSQ to Pb respectively. Many authors [2, 5, 29, 37, ré¥eal also that the depletion of
PK** ions is the limiting process of the overall reawoti

Charge-transfer as determining-rate

When the charge-transfer rate is the determiniibg-the hindrance of this reaction causes the
formation of active overvoltagg. (cf. 1.5.4.3). The charge-transfer rate is:

ni_F = i{exr{%naj—exr{— (1|;_|c_x) naﬂ (31)

Thus, the exchange current densijtgfi the electrode reaction, the transfer coefficemd the
active overvoltage have important roles in the gharrocess.

Diffusion as determining-rate

The rate of diffusion reaction is given by theffiesv of Fick (for one dimension):
lip _ &~ Cio 5
nf ' d (23)

Applying it to the lead acid cell gives:

: o

IPb2+’D - D CPbZ+ -C sz (48)
nF d

In which:

Coer : concentration of PHions at equilibrium
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c : concentration of Pb ions at the reactive surfaces, i.e. at Pb and,PbO

Pb?*
surfaces.

d : gap distance between Pb or Rla@d PbS@surfaces, which can be assumed
as the thickness of diffusion layer [cm]

Therefore, the rate of the diffusion reaction defgean the diffusion constant D, which is a
function of the material, the temperature and thiecentration of the sulfuric acid. It is also
inversely proportional to the thickness of the wukibn layer.

The diffusion rate is also proportional to the elifince in concentration of the®bns Copr

at the reactive surface and their equilibrium comcgion c? . .

During charging, the concentration of théPlons in the electrolyte (at the Pb§&urface as
well as at the reaction electrode surfaces) is yaveamnaller than the one at equilibrium. The
PK** ion concentration change, which is given by Salibele et al. [2, 5], is defined by the
balance of the absorption rate ofPlons,q, due to the generation of Pb and Rkdd the
dissolution rate of the Bbions,s, from PbSQ crystals:

oc 24
—PbT —g-— 49
5 -S4 (49)
In which:
g=1/nF : consumption rate of Phions due to the electrochemical process (charge

transfer) and therefore directly proportional te tharge current The current is positive
during the charge.

S . dissolution rate of the Pb$€rystals [moley

P2+ concentration
A

1o

Pb2+

- C
_ Pb?* (dissute
PbSQ, = Pb?* +SOF ——— Lc

dissolution<

2+
diffusion P
Charge transfer
PB* + 2™ = Pb
Electrolyte Pb** +2H,0 = PhO, +4H" + 26
» d (cm)
PbSQ surface Interfaces Pb/Pbgsurfaces

Reaction surfaces

Figure 26: Evolution of PB ion concentration at the interface area consistisfgactive material
surface and PbS{xrystal surface during charging:gbz+ concentration at equilibriume,, .. (dissut¢

concentration at PbS‘qurface,cha concentration at reactive surfaces, i.e. Pb and P&@faces.

54



CHAPTER 2 — CHARGE OF LEAD ACID BATTERIES: FROM TRADITIONAL CHARGE TO ACCELERATED CHARGE
WITH EARLY DESTRATIFICATION

According to Sauer, Thele et al., the limitatiorntleé PbS@dissolution process is assumed to
be the main cause for depletion ofPlons. When the depletion of Phions is the limiting
process of the overall reaction, the charge reactte is obtained from the Pbs@ssolution
rate, which is defined by Sauer in [2] as follows:

DV,
5= ::SOA (Cprz ~Cpye) (50)
In which:
Vppsos: Overall crystal volume of PbSO [cm?]
r : average radius of all Pbg0Crystals [cm]

c : concentration of Phions at the PbS{surface (i.ec, .. (dissut¢ in Figure 26).

P b2+ P b2+

Therefore, the dissolution rate is proportionalthhe diffusion constant and to the overall
crystal volume of PbSf{but is inversely proportional to the square of ¢hestal radius.

Dissolution-precipitation mechanism at positive eletrode

Or according to Takehara [32], the oxidation of tR&SQ through the dissolution-
precipitation mechanism can be written as follows:

PbSQ = PI** +S0O;” Reaction 20
Pb?* +2H,0 = PbO, +4H"* + 2%~

And then the following equation for the rate ofstiheaction may be written:

# = A(tKeg, - c;’i (51)

In which:

A(t) . interface area, which changes with the pexiing oxidation;

Copo Gy : concentration of PH ion and HO" ion in the sulfuric acid solution, they

depend on the concentration of sulfuric acid sohuti
x and -y : reaction order of Phon and HO' ion respectively for the anodic reaction;
Kk . potential dependence constant.

As shown in Eq. (51), the charge-transfer reactiat@ depends on the concentration of
sulfuric acid solution and the interface afgd).

Diffusion rate at neqgative electrode
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Always according to Takehara the rate of chargeti@a of the negative electrode depends
on the rate of diffusion reaction, which can beaatxtd by:

in—DF = D’;(t) (©r ~Cozr) (52)

In which:

A(t) > interface area;

d : gap distance between Pb and PhHS@ich can be assumed as the thickness

of diffusion layer [cm];

Coer : concentration of PHions at equilibrium (solubility of PbS{

c : concentration of Pb at the Pb surface.

P b2+

In both cases of negative and positive electrogegeh the reaction interface akf) plays
an important role in the charge reaction rate. dtrerrge reaction rate is proportionalA(i).

Charge acceptance profile

\\ Figure 27:
\\ Charge acceptance as a function of battery
\\ | accepTance state of charge (SOC), following an
asymptotic profile
\
\
\
\\

S~ Battery

= > soC

In brief, apart from the temperature, the batteyg, distory and the rate of charge, the charge
reaction rate or the charge acceptance at a firathe rate changes depending:

* the interface area between active materials an@bfystals, which is related to the
volume and the crystal radius of PbS®uring the charge, for both negative and
positive electrode, the total volume as well as ¢hestal radius of PbSQOcrystals
decrease with the state of charge. This resulésimcrease of the diffusion layer and
so a decrease of the diffusion rate, cf. Eq. (W®reover, according to Eg. (51) and
(52), the decrease of interface area leads diréztlilje decrease of reaction rates. So,
the decrease of interface area with processinggehiarone of the reasons explaining
the falling down of the acceptance with the SOC,;

» the concentration of $$0, in the pores of active material, which increaseth w
progressing charge and involves the decrease afifffusion coefficient, as well as of
the solubility of PbS® crystals. For these influences, the increase ef 50O,
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concentration is also attributed to the decreaséhefcharge acceptance with the
augmentation of the SOC.

In brief, the charge acceptance decreases witintnease of the battery SOC, following an
asymptotic profile (cf. Figure 27).

2.1.3 Electrolyte stratification

2.1.3.1 Phenomenon

At room temperature the density of sulfuric acidli834, which is more than 1.8 times the
density of water. This difference in density camsm problems during recharge, as sulfuric
acid takes long time to diffuse towards the bulkison, relatively higher density causes it to
settle downward relative to the water. This problean be seen in more detail by examining
the chemical reactions that occur during charging.

When the lead acid battery is being charged, thHirsu acid is produced in the porous
volume of both electrodes. This porous volume ferior to 20% of the total volume of the
electrolyte. During charging, the sulfuric acid centration in the pores increases
progressively and becomes higher than the onednbthk solution. When coming out of
these pores, the electrolyte has a higher condentraf sulfuric acid near the positive and
negative electrodes, which corresponds to a highesity. This causes it to pour down along
the electrodes under effect of gravity and incredbe acid concentration at the bottom of the
cell. This is the process aftratification in which the electrolyte at the bottom has a aigh
acid concentration than the one on the top of #ile ¢

Ko

1.22- . Vi !
§ A XF‘% hl ! ‘H
ot T4 R o 7l
el BEY E G
i ! ! '
fﬁi.ﬁw%&# g, %c? ol
: 4
1.14 & o,
112 — dansity balow the electrodes
----- density above tha alectrodes
| ] I | ] [ T 1
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days in 1985

Figure 28: Sulfuric acid density at the top and thattom of electrodes during a 160 days period
under typical conditions of an autonomous phot@ioltsystem. The measurement was manually
carried out on a 200 Ah/2 V flooded lead acid b3t{d2].

The bibliography work of Y. Guo et al. gives a guitll summary of lead acid applications,
which suffer from the stratification phenomenon ][3%he electrolyte stratification is an
ubiquitous phenomenon in lead-acid batteries amdstvere stratification often occurs in
large-scale batteries, PV applications, and bateat a high rate of discharge or charge [35-
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39]. It is known that the degradation of the auttw®battery performance often appears in
the bench-life testing because of the acid stcatifon. In the application of photovoltaic
systems [38-43]Jthe discharge current of the batteries is very kradl they are seldom
completely charged due to low limited charge vatagd also to limited amount of sunshine
per day. The frequent undercharge makes the elgetrstratification to become increasingly
serious. These problems also appear in valve-reglldead-acid batteries with poor
convection because of their design of starved bté and less overcharge [44-46].

2.1.3.2 Consequences

Battery voltage depends on acid concentration. $tratified cell, the equilibrium voltage is
higher at the bottom (cf. 1.4.2.1).

At charge with voltage restriction, higher polatina is distributed at the top of a stratified
cell. Consequently, the cell is heterogeneouslygddhand it can happen that the top portion
is overcharged while the bottom portion is undergbd.

At discharge, this same bottom part of the stedifcell, where polarization is higher, is
preferentially discharged and reaches more rapilléy criterion of end of discharge (cf.
section 3.1) while it is not met yet at the toptpdm this case, the discharge of the cell
continues, the bottom part thus suffers over-disgha

Negative Fositive
Electrode Electrode

T Figure 29: Stratification effect on positive and

i negative electrodes: concentration pile that
discharges the bottom part and charges the top
part of electrodes [47]

In the case of a stratified cell at open circuincentration pile effect can take place as
illustrated by Ruetschi [47] in the Figure 29. Wiitlihe electrolyte stratification, themfof
the electrode top part (dilute electrolyte) is lowvteen the one of the electrode bottom part.
This results to an equivalence of@ncentration pileén short circuit on the electrode itself. A
current appears inside each electrode where theadpis charged and the bottom part is
discharged.

These situations during charging, discharging gehecircuit of the stratified cell bring to an
excessive sulfating the electrode bottom parts,thuasg, to an accelerated aging process of the
cell (cf. Figure 30). It is known that the leadfatg takes considerably more volume than the
active materials at charged state (Pb®loreover, it has a completely different morplgplo
and crystallographic structure compared to RhOthere is an excessive sulfation during
cycling in the stratified electrolyte conditionetimorphological shape-change of the positive
active mass is accelerated. Bb@aterial gradually looses its structure (i.e. loksoherence
between particles) and cannot participate any lonige the discharge process. This
phenomenon is callegofteningof the mass. The soft mass layer becomes moreramd
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thicker and finally the active material falls dofvom the plate to the container bottom. This
is calledshedding47-49].

Figure 30: Stratification effect on a positive @asoftening and shedding of the active materidhat
bottom of the plate [48].

2.1.3.3 Destratification by gassing

In flooded lead acid batteries, the stratificatiminelectrolyte can be readily recovered by
agitation such as by gassing. As mentioned in Z1\2hen the applied current exceeds the
charge acceptance, or in other words when the gelig prolonged beyond a gassing value,
the current share that produces gases (called ngassirrent), becomes noticeable. In a
traditional charge, an overcharge phase at constanént is added at the end of charge (cf.

2.1.5) in which gassing is produced to destratify ¢lectrolyte.

Charge coefficient
1 1,02 1,04 1,06 1,08 1,1 1,12 1,14 1,16

+ top level - 0.05C

= 3/4 top level - 0.05C
4 middle level - 0.05C
+ bottom level - 0.05C |-
< top level - 0.2C

0 3/4 top level - 0.2C
4 middle level - 0.2C
o bottom level - 0.2C

1,19 <

Density

1,23

1,27

1,31 T
Figure 31: Electrolyte density measured at fourelevof the cell as the function of the charge

coefficient evolution during overcharge phases 86C or at 0.2C. Beyond 8% of overcharge, the
electrolyte is almost homogeneous without depenatiniie overcharge rate [50].
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The work of J. Alzieu and J. Robert [50] shows igufe 31 that for a flooded battery, beyond
about 8% of overcharge (8% more of the electricangity, which equals to the one obtained
during the previous discharge), the electrolytalisost homogeneous and independent on the
overcharge rate. It is clear that, the destratificais more efficient at the beginning of the
overcharge phase, below 5% of overcharge.

In practice, as the electrical quantity (Ah) usadtinly the previous discharge is usually
unknown, a 10 to 20% of the total electrical quigrdiccepted during the two previous charge
phases (cf. Figure 32) is applied at the end ottlege process to destratify the electrolyte.

2.1.4 Charge definitions [51]

2.1.4.1 Full charge

As explained in 2.1.2, the charge acceptance deesdallowing a descending profile during
the charge. A complete state of charge is an ayttodtate that is never reached. This is the
reason why what is calledfall chargeis not a real full charge. It is just a trade-oétween a
desired charge duration and a high enough statkasfje.

According to charge standards, the full chargeoisstered to be reached when there is no
charge current or voltage evolution during at leastours. This criterion of full charge is
evidently vague as the observation of a non-ewwutiepends on the sensibility of the
measurement apparatus used. Moreover, at the ectlanfe, the temperature rise due to
inevitable losses (cf. 1.5.6), involves a slightr@ase of the electrolyte resistance and as
consequence of the battery voltage. This decremsenask the increase of the voltage related
to the effective charge, which becomes lower amgetobut never zero. The association of
these two processes results in the voltage evolytiofile as the appearance of a maximum
level that is almost flat but usually can be detddby a reasonable effort of measurement. A
similar phenomenon takes place in the electrolgesdy evolution: this maximum area is
then classified, in practice, like a non-evolutjperiod of the observed parameters allowing
the validation of the full charge criterion.

Taking also into account the stratification phenooreduring charging, a full charge that can
be obtained at the end of a lead acid battery eh&gn reality the result of a trade-off
between a reasonable charge duration, a sufficktste of charge and an acceptable
electrolyte homogeneity.

2.1.4.2 Normal charges

The normal charge of lead acid batteries consisteeaching the maximum level of full
charge while respecting the standards and contrairthe operating fields.

The initial charge current is limited by the startt$aat Gomina(Ah)/5(hours), or written in a
simple way C/5 or 0.2C (e.g. 20 A for a battery sdaohe nominal capacity is 100 Ah). Most
of commercial chargers have an initial currenthlig inferior to this limitation, generally
between 0.15C and 0.18C. After a complete disch§t§® % DOD), this current can be
maintained during 3 to 5 hours before the charge@atance becomes inferior to this initial
value. The current profile at the last phase ofrghas well as the criterion of end of charge
vary according to the charger brands and recomntemdaof battery manufacturers. They
can take into account also maximum charge duratiestated by utilization constraints.
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Therefore, the normal charge is more or less camptedifferent cases. But, this is not the

essential criterion. The primary condition that ba$e respected during a charge concerns
the electrical quantity for electrolyte destratifion and not the perfect charge of active

materials. The gassing current is limited by trendard at C/20. A normal charge usually

lasts from 12 to 14 hours and the last 3 hoursised considered for gassing.

2.1.4.3 Accelerated and fast charges

Accelerated chargeapply high currents together with reduced changetibns (less than 8
hours). A charge lasting less than 1 hour (i.e.dharge rate is C/1) is generally calledt
charge

Two fundamental points associated to the accektctarge of lead acid batteries are:

The accelerated charge is just a partial chargewithin a reduced charge time, for instance
1 hour, the battery just approaches in a very ikgatmanner the asymptotic state of full
charge. The final state of charge depends on thggelrate, the initial depth of discharge, the
rate of this discharge, the duration of possibéadby period between the discharge and the
charge, the temperature. In practice, after adwsitharge, the final maximum state of charge
that can be reached during 1 hour is between 86%6.

The destratification step is mandatory The necessary gas volume for electrolyte
homogenization is the same as for a normal charfg&igure 31). But, the gas evolution rate
has to be intense to preserve the characterisadast charge.

2.1.5 Charge acceptance and gassing current variatis during a IUi typical charge
process of lead acid batteries

A typical traditional charge of lead acid battenexomposed of three phases, usually called
I[(W)Ui charge (cf. Figure 32).

The first phase is a constant current phase (oorstant power phase) (A), in which the
current value () is usually limited by the maximum power of theadher, as initial charge
acceptance of a discharged battery is high. Duiigy phase, the voltage increases with the
increase of the SOC up to the gassing value amtémal resistance increases progressively.
Within this phase, the major part of charge, 6@%, is accomplished. As the voltage
increases, the gassing current also increasesit lbemains insignificant compared to the
charge current up to a threshold value.

The second phase (B) is performed at a constarsingasoltage. During this phase, the
charge current decreases asymptotically to a loluevéollowing the charge acceptance
profile (cf. Figure 27), while gassing current imast invariable as the voltage is fixed at the
gassing value.

The third and last phase is a constant currentepli@3, which is called overcharge or
destratification phase. This provides constantenir(h), calledovercharge currentwhose
value is higher than the charge acceptance, thoduping significant gas evolution that
destratifies the battery electrolyte.
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Figure 32: IUi charge of lead acid batteries: (Aprestant current phase af, I(B) constant voltage
phase at gassing valueg); and (C) overcharge or destratification phase ahstant overcharge
current L = C/20.

Figure 33 illustrates the relationship between ¢herent and the potential of the positive
electrode during three phases of the charge; ttie o the active material curremfy. =
ipbsoapboz@nd of the oxygen curreid, = in20/02 iS just an image to illustrate the principle,
the contribution of gassing current in the firsdasecond phases being pretty amplified in
order to be easily observed.

The characteristic dhw+ IS sensibly straight at the beginning of the ckakyith progressing
charge, it moves towards the abscissa of the palead the state of charge increases. The
characteristic ofio; evaluates following an exponential function witte tincrease of the
voltage.

On the phase A at current constéftthe voltage increases slightly as the charatierns
iam+ evaluates slightly and the slope of the charastierof i, is sufficiently low that its
influence is almost negligible

It is shown that, if the constant curréntwere continued to be applied to the battery withou
the voltage limitation, the potential would increagp to values where the gas evolution
would be very important and this current would n@tch any more the battery acceptance
profile. Therefore, the fixed gassing voltage phgdese B) plays the role to limit the gassing
current and enables the battery to be charged ahérge acceptance rate.

At the end of charge (at the end of phase B), tlaacteristic ofav+ is almost en parallel
with the potential abscissa, the charge acceptisraenost mixed up with the gassing current,
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the battery is no more charged. The battery is sedoat the current constaht for
destratification (phase C). During this phase vbkage is fixed at high values by overcharge
currentl,.

The first and the third phases (phases A and Chaite at constant current, but their effect is
different: in the first phase, the supplied currenontributes most all to the proper charge
while in the third phase it is essentially dedidati® gassing.

Phase (A) Phase (B)
| 4 § | 4 .
I, = const /—/\,‘ 20102 3 I, = const leSO‘VPDW\V IH20/02
4 3] &
. '} // % | /, »
Ipbsoapboz 41,7 S i ]
c RVl
E Ii+n 7
S s
Eenn (V) O S Eenn (\{)
123 E, E E,, > 123 E, E Egas = cOnst

—_—>
Potential increases
Figure 33: Relationship between current and
Phase (C) potential of the positive electrode during each
phase of IUi charge.

11 . ,

| i1120/02 Phase (A): the battery is charged with constant

! current |k, the potential E increases up to the
gassing value.

I, = const

2 i PbsO4/PHO2 Phase_ (B): the _battery iS (_:harged at the constant

J?__ potential gassing &s (i.e. at its charge
123 B, E Ecag Evercrarge acceptance). The charge acceptance decreases

progressively.

—_>
Potential increases

Phase (C): the battery electrolyte is destratified
by gassing at constant curreny, kthe potential
increases. The battery is almost no longer
charged.

2.1.5.1 Gassing Voltage

As defined in 2.1.2.1, beyond the gassing voltagduer the gassing current becomes
noticeable compared to the current of proper chaegetions or in other words with the
charge acceptance.

The gassing voltage value can be obviously obseovethe voltage profile during charging
with a constant current. As shown in Figure 33thie first charge phase of constant current
(phase A), the voltage variation is almost decibdgdhe profile of the active material charge
currentiam+ and in the third charge phase of overcharge constarrent, it is essentially
determined by the profile of the gassing curnent The moment where the voltage profile
transfers from the charge to overcharge profilenegked by a transient phase of an abrupt
jump from one level (low level where the gassingrent is sufficiently low and does not
influence on the battery voltage) to a higher ohigh level where the gassing current is
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important and fixes the voltage at high values)e Dassing voltage value is the inflection
point between these two levels (cf. Figure 34).

An industrial charger is usually not programmedi&bect the inflection point of the voltage
profile. Thus, an experimental gassing value habet@redicted to limit the charge current
according to the charge rate and the kinds of pesgrid alloys.

CHARGE OVERCHARGE

Voltagei
High level (gassing current is important)
2.6V fomo
\%
[€7:3N miainiaieiiia

I \ . .

2.3V 'Inflection point (charge acceptance)
|

Low level (gassing current is sufficiently low)

|
: >
! Time
|

Figure 34: Voltage variation of the battery as andtion of time during a charge followed by an
overcharge at a constant current: it jumps fronow llevel to a high level, for instance 2.3 V to ¥.6
The gassing voltage corresponds to the inflectmintbetween two levels.

Increasing the gassing voltage can be one way aogehmore rapidly the battery, but it is
limited by the increased water electrolysis witte thioltage [1]. Berndt shown in his
experiment that when increasing the gassing voltagecharge current increases as well
because of the raising of the gassing and the ehaegeptance. In this example, it is shown
that when the voltage reached the gassing val@e2af V/cell 79% SOC is reached, and this
value is 97% in the case of 2.4 V/cell gassingagdt However, the water decomposition is
seven times faster in the second case. This issson why an increase of gassing voltage is
only used when a certain level of charge has teebehed within a limited time.

The transient voltage values depend at the saneedmrates of charge reactions and gassing
reactions, or in other words, on the balance batwibese two reaction rates. Therefore,

transient voltage values, like the charge acceptamc the gassing current, vary with many

parameters such as temperature, rate of chargg,culblity, battery age and history.

It is found in experiments that the slope of transiphase decreases with battery age. Indeed,
an aged battery has a lower gassing voltage threweone. This change can create problems
as the gassing voltage of the charger is fixedad &ituation can happen when the voltage of
an aged battery is not able to reach the fixediggssltage value of the charger, so the
battery continues to be charged with a constamentiand produces undue gas evolutions.

2.1.6 Control of Destratification phase

The destratification phase is mandatory for floodead acid batteries longevity, but the
electrical quantity supplied for gassing has tocbetrolled to prevent shedding of active
materials from the electrodes, to reduce water bysglectrolysis and corrosion, to reduce
depletion of the electrolyte, to comply with thecoemmended venting rate associated to
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hydrogen high flammability and sometimes to havgiige high faraday efficiency (e.g. in the
case of photovoltaic applications, to use the nedtiently the available sun power). The
overcharge electrical quantity control means th&rob of the gassing current that is injected
into the battery. C/20 is often considered as a/epient gassing rate.

The destratification phase is usually performedthet end of charge when the charge
acceptance is small enough to be negligible. Seggdurrent is then considered mainly for
gassing. The destratification phase is thus evatuand controlled by the control of the
supplied current. This is the case of charge pseEkasting enough long time, typically from
10 to 14 hours.

Establishment of the 8-hour shifts (three shiftgJd@quired the constructors to develop 8-
hour charge programs, sometimes qualifieda@slerated charg&his reduced charge time
can be performed without changing fundamentallyadharge methods: at the end of charge
(e.g. last 3 hours), a constant current of C/28piglied for destratification. It is important to
keep in mind that although the charge acceptanoetiget negligible, it is already inferior to
C/20. As the gassing current is part of this agptarrent, its value never exceeds the C/20
rate (cf. Figure 35).

Figure 35: Control of destratification

phase at an accelerated IUi charge.
| accepTance Charge acceptance may not be negligible
during overcharge phase, overcharge
rate is set at C/20, gas rate never exceeds
C/20.

laas < C/20

Battery
> soC

However, reducing the charge time even more, belosv 8 hours, presents difficulties,
especially when the charge acceptance is stillrsup® C/20. Two bad situations can happen
in this case (cf. Figure 36):

¢ On one hand, if the charge acceptance is higher@20 and the constant current for
destratification phase is fixed at C/20, it is siggbonly for the proper charge and not
for gassing. There is no destratification. (a)

« On other hand, if the constant current of destcatifon phase is increased to be
superior to the charge acceptance (superior to)CIRB8 destratification control can
become delicate. In fact, the charge acceptaneetiknown, neither the current value
share for destratification (the gassing current)e gassing current, as well as the
electrical quantity for the destratification, cahrm® controlled and can become too
high and damage the battery. (b)

The first situation has to be avoided becausetdrds the charge process and there is no
destratification. The second situation could be @y wo homogenize the electrolyte in
accelerated and fast charges with the conditioh tthe& current share for gassing has to be
controlled.
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Figure 36: when at phase (C) charge acceptancdillsgseater than C/20, 2 situations can happen:
(a) I, is set at C/20 that involve ngak (b) |, is set greater thamtceprancethere is current share for
gassing but it cannot be properly controlled.

In order to control the gassing current, assuntiad during an overcharge phase, the supplied
current (bvercuarce IS the sum of charge acceptancecdkrtance and gassing current
(Icas), we have to find a way to measure the chargepsanee during the overcharge phase
(phase C) so that the gassing current can be eséclias follows:

lcas = lovercHAGRE - |accEPTANCE (53)
2.2 CHARGE ACCEPTANCE MEASUREMENTS

As defined in 2.1.2.1, the charge acceptance tastit be determined is the charge current
under a gassing voltage. Thus, in principle, acoegg value can be obtained in provoking a
transition from overcharge to charge, so the cur(ée voltage) decreases from overcharge
value to acceptance value (gassing value) resgdgtiihis action can be operated by
controlling either the current or the voltage.

The first method of charge acceptance measurenueimgdthe overcharge phase proposed by
P. 1zzo in his thesis work using the current rampshe charge algorithm for batteries of
photovoltaic application [48]. The second methodted in this thesis is using voltage
squares.

2.2.1 Current ramps

2.2.1.1 Principle

The method proposed by 1zzo can be applied duhegotvercharge phase in the following
way (cf. Figure 37):

« Linearly decreasing current ramps are periodicatiposed on the battery (e.g. the
period to execute the current ramps is 20 minwed)the voltage decreases as well.

« While the current share for gassing is high, thikage value stays high (high level).

* While the current share for gassing is almost gégk, the voltage transients toward
the gassing value @As). The current at this gassing value is the chamypeptance.
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Figure 37: Principle of current ramp method: at osearge, periodically, e.g. every 20 minutes, the
current follows a decreasing ramp. When the gasugien is almost zero the battery voltage reaches
a gassing value. At this moment, charge currerpaase is obtained and the current is reestablished
to the overcharge value [48].

2.2.1.2 Experimental

Laboratory experiments were carried out to answertivo following questions for a given
battery at charge:

* What is the gassing voltage value?
* What is the charge acceptance response of thepattehis gassing value?

It is known that the presence of a maximum in d\elsus current ramps, or in other words
the appearance of the voltage inflection pointjaatés the gassing point (cf. 2.1.5.1). With
such way, the question of the gassing voltage traulsé no longer posed: whatever the alloy
type, the temperature or the battery age, the io@ssf the charge acceptance has to be
observed by a transient phase between a high elesgociated to the gas evolution, and a
low voltage, related to the proper charge. The etquebehavior has to consist of an inflection
point between two voltage levels. The current assed to this inflection point is considered
to be the charge acceptance of the battery asrksnaalimit between the important current of
gas evolution, which fixes the battery voltage dtigh value, and a sufficient low gassing
current, which does not significantly influence thattery voltage. Determination of this
inflection point can be achieved by imposing a dasing or increasing current ramp onto the
battery. We chose operating both variation direction order to take into account a potential
difference.

Regarding the choice of the applied current rantipss,following remarks should be kept in
mind:

* The amplitude of the current ramp is also the dé#r one to homogenize the
electrolyte. This value is usually limited by tharsdards at C/20. In order to observe
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the gassing point, the current is swept from C£0 {(A) and vice versa. This is the
different point compared to 1zzo’s principle, wheéhe current ramps decrease linearly
and stop at the value at which the voltage reaatitermined gassing value.

e It is desirable that the period at which the currsweep is carried out is long. In
contrast, the sweep rate is better to be fastadt) the final objective of the overcharge
phase is to destratify the electrolyte by applyimghe battery a constant current value.
The current ramp is just a step to measure andatgp the charge acceptance value.
Therefore, the period to execute this measurenteptshould be long and the sweep
rate should be quick to preserve the charactergdtithe overcharge phase and the
characteristic of an accelerated charge.

 The saw-toothed waveform was chosen instead of balf-toothed waveform
illustrated in the principle to verify the gassipgint, as the transient phase would
occur two time, in the ramp-down as well as inrdm@p-up direction.

The charge process is done at the current regnlatmde without voltage restriction.

The tests were operated on the flooded lead aditbrigal2V-70Ah, Monobloc Equipa-
Fulmen 070430 A-A, used in photovoltaic applicasion

The battery was subjected to several charge/digehaycles as follows:

» Discharge of 3 Ah; current ramp charges in whichpamplitudes were 2, 4, 10 or 30
minutes.

* Discharge of 15, 30 Ah and complete discharge thiéwoltage limit at 10 V; current
ramp charges with 10 minute ramp amplitude.

* Discharge of 15 Ah; normal charge at 3 A constaintent with 14.5 V limit voltage.

The depths of discharge were chosen in such a mémaiea discharge-charge cycle could be
done during a working day shift (less then 8 haurs)

The current ramps were supplied by a bipolar altetgon and amplifier (KEPCO BOP 20-
20M), which is controlled by a function generatdiP(33120A).

The battery voltage and current and temperatureth@fbattery and of the ambient are
recorded using JUMO Logoscreen 500.

2.2.1.3 Results and discussion

Figure 38 shows voltage and current profiles durngurrent ramp charge process as a
function of time. Looking at the voltage profile is clear to distinguish charge and
overcharge profiles separated with the transieasphAt charge, the current sweep does not
produce a considerable variation on the voltagdilproompared to the one at overcharge.
This can be easily explained in observing agairHigaere 33.

During the charge phase, the voltage profile isemheined by the active material charge
reaction. The gassing current is almost negligilofe Figure 33, b). Therefore, while the
current is swept from high to low value or viceseerthe voltage is always determined by the
active material charge current. As the charge daoep decreases steadily, its value happens
to reach the maximum current value. This is dongaéntransient phase.
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Figure 38: Voltage and current profiles vs. timeaigharge with current ramps of 2 minutes (1 minute
ramp-up + 1 minute ramp-down). The charge phasetriinsient phase and the overcharge phase are
obviously observed at the voltage profile.

At overcharge (phas€) the maximum value of the current always excedus dharge
acceptance of the battery. The voltage profileetednined by the gassing current profile as
the acceptance current is very low and its prafteeys below the gassing profile (cf. Figure
33, ¢). While the applied current decreases (raowrj, the overcharge point would transfer
to the charge point where the voltage is definealrayy the proper charge current. During the
ramp-up, in contrast, the increase of the appli@deat involves the transfer of the charge
point to the overcharge point where the voltageeddp on the gassing current. As shown in
Figure 38, beyond to the transient phase, the g@liacreases slightly at the beginning, then
stays almost stable when the current is at the mnaxi injected value, 3 A. This confirms the
fact that the voltage is determined by the gassimgent and the charge acceptance is almost
negligible or the battery is no longer charged.

So the first conclusion that can be made is thaepmg the current from a low value to
values beyond to the charge acceptance value caol@ the charge/overcharge transition
and vice versa.

The primary objective of the test is to find thesgiag voltage point that induces the charge
acceptance response of the battery. Figure 41 shovestract of voltage and currents profile
during the overcharge. In this case, the inflectiatue is 14.7 V for both ramp-up and ramp-
down directions. However, the two correspondentgdacceptance values are not the same,
for instance they are 0.3 A and 1 A for ramp-dowad aamp-up respectively at 2 hours 33
minutes of charge.
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Figure 39: Voltage profile vs. current in a chargih current ramps of 2 minutes (1 minute ramp-up
+ 1 minute ramp-down): charge phase, transient jghaasd overcharge phase are obviously observed.
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Figure 40: Zooms on voltage and current profilescharge (a): current sweep does not produce a
considerable variation in the voltage profile, aansient phase (b): voltage begins to increase
considerably with current sweep.

Figure 42 represents the charge acceptance respbtise battery at the gassing voltage of
14.7 V during overcharge. At this same value, thveeee two profiles of charge acceptance
correspond to the ramps-down and ramp-up. An aeed#terence of 0.6 A is found between
them, with the charge acceptance profile of rampeing higher position. This difference,
current-voltage hysteresis, can be associatede@tbcess of charge and discharge of the
double layer capacitance when the current increasgslecreases [52, 53]. Another remark is
that these both current profiles have a normal fofnthe battery charge acceptance, they
follow the asymptotic profile to a low value.
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The same discharge/charge cycles were carried htlewer sweep rates, at 4, 10 and 30
minutes. Using the same definition of gassing pdim¢ gassing values are equal to 14.5,
14.0-14.3 and 13.9-14.3 V at 4, 10 and 30-minutepra&harges respectively. Figure 43
illustrates the correspondent charge acceptandigsrat these gassing points.

18 6
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Current (A)

Time (h)

Figure 41: Zooms on voltage and current profile®atrcharge: at inflection points of voltage prefil
it equals to 14.7 V in this case, charge acceptarsponse of the battery is obtained. Corresponding
to ramp-down and ramp-up, there are two differaalgs of charge acceptance.

4

3 H
z Ramp-down i
M £
g2 Y
3 i Ramp-up
1 - s
“““ Mm
0.3 b
0 T T T T T T
0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00

Time (h)

Figure 42: Charge acceptance response of the baterl4.7 V gassing value. Two different charge
acceptance profiles were obtained. Charge accegtgmofile of the ramp-down is about 0.6 A lower
than the one of the ramp-up.

These remarks are obvious:

» Hysteresis almost does not change in decreasingwkep rate from 2 to 4 minutes.
The noticeable decrease of hysteresis is obsetvéd minutes (0.4 A instead of 0.6
A) at 4 minute ramps. Even at 30 minute ramp, afOt®¥steresis is still present. So it
can be seen that hysteresis decreases with a dea&aweep rate. It should be kept
in mind also that if the sweep rate is decreasedraktimes, the charge acceptance
response corresponding to the ramp-up and ramps-dowld not be the same
because the charge acceptance varies with change ti
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*  When decreasing from 2 to 10 and finally to 30 nenut seems that the charge
acceptance profiles corresponding to the ramp-ddevnot change, just the profiles of
the ramp-up fall more and more toward the ramp-dones.

Different cycles with deeper depths of dischargeshaeen carried out with similar results.
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Figure 43: Charge acceptance profile responseshefhiattery at gassing voltage at different ramp
tests, 2 — 4 - 10 and 30 minutes, following a 3didtharge. Voltage-current hysteresis always
appears.

2.2.1.4 Conclusions of current ramp method

Using current sweep of ramps can provoke trangtioom charge to overcharge and from

overcharge to charge. Corresponding gassing paimts charge acceptance values can be
obtained. Nevertheless, this requires a considerablg sweep rate to limit hysteresis and to
have accurate current-voltage information. Thithes result why, this method is not suitable

to use in those applications requiring acceleratedges.

2.2.2 Voltage squares

2.2.2.1 Principle

Two results of the ramp current tests that showddtdken into consideration for voltage
square tests are:

» Gassing points situate between 13.9 and 14.7 ¥ fii2 V battery. During charging, it
could be sufficient to decrease the battery voltagiese values to determine charge
acceptance.
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e The ramp form can retard the battery voltage tehréhe gassing values. Square form
can be used instead to avoid this inconvenient.

Basing upon the charge acceptance definition, threiple of the voltage square method to
measure the charge acceptance is resumed as folilmiag overcharge phase at constant
current, the voltage is periodically brought baokat chosen gassing value for a very short
time, called measurement step; at this gassingeyatharge acceptance response of the
battery is measured. This method, differing frone tmethod of current ramp, requires
knowing the gassing voltage value. This value edmted according to the charge rate and
the type of positive grid alloys.

Destratification steps
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Figure 44: Principle of voltage square method: akmharge, successive steps of destratification at
overcharge current and of acceptance measuremeagassing voltage are periodically applied.

Regarding the duty ratio at which the voltage squir carried out, the efficiency of
destratification phase as well as the characteridtian accelerated charge should be kept in
mind as mentioned in the choice of the period &edsiveep rate in ramp current method (cf.
2.2.1.2). It is better that voltage squares arewaeel with a high duty ratio, or in other words
with measurement steps as short as possible.

2.2.2.2 Experimental

The same equipments of the ramp current tests uger@ for square voltage tests.

The duty cycle of square voltage was set at 80%utaB minute-measurement for every 15
minutes).

Gassing voltage values were chosen taking intouatdbie ramp current test results and even
more: 13.8 — 15.0 V.

Different charge rates, 3 — 5 — 10 A, were applibd;results were compared to one another.

The depth of discharge was fixed at 15-20 Ah.
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The charge test to measure charge acceptance btageolsquares, called here
Charge&Destratification charge test (C&D chargd)tds carried out as follows: charge the
battery at constant current (I) until the battepjtage reaches a determined gassing value
(Veas); then overcharge steps at constant overchargerntufi) (i can be manually changed
according to charge acceptance value obtained)chathe measurement steps at constant
Veasare successively imposed. At the overcharge dtepuwrent, the limited voltage is set at
a very high value that the battery will never reéely. 18 V) so that it is alike in the case of
no voltage restriction. Every overcharge step amdsurement step last 15 and 3 minutes
respectively.

Our first cycle of tests consists to evaluate thAtdoy charge acceptance response at different
gassing voltage values (from 13.8 to 15.3 V). Tonddify the C&D test program, the
overcharge current value (i) is set to be equahéoconstant current of the first charge phase
(). They are both fixed at 3 A.

Our second cycle of tests consists to compare CB&yge acceptance measurement with the
one obtained at a charge IU (a classical chargeowitthe overcharge phase, cf. 2.1.5). The
depth of discharge, the charge rate and the gassitage value are the same in both cases
(15Ah, 10 A and 14.8 V respectively).

2.2.2.3 Results and discussion

Evaluate charge acceptance responses of the battéifferent gassing voltage values

The first gassing voltage that we tested was 14amd/the results are presented in Figure 45.
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Figure 45: Voltage and current of the battery aregented as functions of time during a charge test
with acceptance measurement by voltage square ché@&D test): successive steps of overcharge
for 15 min at 3 A and 1.4A and of acceptance measant for 3 min at 14.5V gassing voltage were
periodically done. Two zooms on the current prddilel4.5 V gassing voltage show transient values,
sometimes negative, at the beginning of the aconeptaurrent measurement steps.

It can be observed that while the voltage is brodgitk to the fixed gassing value at 14.5 V,
the current at first drops abruptly to a very loalue (that can be negative) for a short time
(around 5 seconds) then it increases to reachliggbivalues. As mentioned above, this
transient phase of current response can be rdiatide fact that the double-layer capacitance
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is discharged when the battery voltage falls fromiveen potential to a lower one [52, 53].
According to this hypothesis, the higher the vadtagp between the overcharge value and the
gassing value, the more deeply the double layeaatgnce is discharged and therefore the
lower the current falls down before stabilizing.id'ts confirmed by results of C&D tests with
gassing values of 13.8 V and 14.8 V.

From the Figure 46, it is clear that at 13.8 V tlierent falls down to very negative values (-
12 A), and takes about 1 minute 30 seconds tolgbiwhile at 14.8 V the current becomes
stable after some seconds (5 seconds) as showigwre 7.
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Figure 46: C&D test with 13.8V gassing value: sigstee steps of overcharge lasting 15 min at 3 A,
and of acceptance measurement lasting 3 min at\L3u@re periodically done. Zoom on the current

profile under 13.8 V shows very negative transiiue at the beginning of acceptance current
measurement step.
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Figure 47: C&D test with 14.8V gassing value: sigsiee steps of overcharge for 15 min at 3 A, and

of acceptance measurement for 3 min at 14.8 V weredically provided. Zoom of current profile
under 14.8 V shows that charge acceptance is alatabtlized after 5 seconds.
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The voltage gap between the overcharge and thengasslue should not be not too high to
avoid negative transient current values. This gatgap depends directly on two factors: the
applied overcharge current, which decides overehaoltage and the set gassing voltage. As
mentioned above, overcharge current is controlfeduch a manner that share current for
gassing is limited at C/20. So one way to reduc® \thitage gap is to increase the imposed
gassing value. But, it should be noted that, irgirgpgassing voltage means increasing gas
evolution (cf. 2.1.5.1). Anyway, this share curréant gassing during charging the acceptance
measurement step can be estimate and accountedfalselectrolyte destratification.
Moreover, what is accounted is the imposed shanmerufor gassing which is far stronger
than the gas evolution current under the gassittgge

Comparison of charge acceptance measured in C&vidsthe one in U test.

It is shown in Figure 48 that the current valuesasueed at 14.8 V in C&D test forms a
current profile that matches well with the one ated from U charge.
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Figure 48: Comparison of the charge acceptance onessby C&D test and the charge acceptance
obtained from IU charge. Gassing voltage was sdi4aB V for both tests. Regardless of the transient
values, charge acceptance measures of C&D testheatwell with charge acceptance at a fixed

gassing voltage of IU charge.

Now let's take a closer look in zooming two measeat steps at the beginning and at the
end of the overcharge phase of the C&D test. Asadly observed, there is always a transient
phase at the beginning of measurement steps. €rdanslues are far lower than the charge
acceptance values of IU charge. Then the currené@ses and follows a profile that is almost
parallel with the charge acceptance profile of fhecharge, but slightly greater. In this case

of 14.8 V, it takes about 5 seconds to get richefinfluence of this transient phase shown in
both zooms of Figure 48. So two situations can bBappgarding the data obtained:

e If current data is measured at a transient poirgf. @arlier than 5 seconds) its value
can be negative and it is a wrong charge acceptaiae.
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e If current data is measured beyond 5 seconds,velise can be a little smaller or
higher than the one of charge acceptance, but stags to it.

The first situation, especially when data measisetegative, should be avoided. The second
situation can be used despite of a little gap betwtbe two charge acceptance values because
this difference is just some hundreds maA, it is Broampared to C/20 (3.3A for a 70 Ah
battery) that is the recommended gassing currerddstratification. Moreover, it is possible

to take into account this difference when settmgpercent of electrical quantity.

2.2.2.4 Conclusions of voltage square method

C&D with voltage square test gives promising restdr the charge acceptance measurement,
which match well with the ones obtained from andhhrge at the same gassing voltage
value. Nevertheless, set gassing voltage valuefiah charge acceptance measurement steps
are carried out and the duration of these stepsedisas the moment to get the current data
have to be set in such a manner to avoid inaccuraliage-current information. Many
experimental tests show that gassing values sHmlsetween 14.3-14.8 V for a 12 V battery
and duration of about 5 seconds is convenient w@sore and collect the data.

This method can be used in accelerated chargeslhasan fast charges.

2.3 NEW CHARGE ALGORITHM WITH EARLY DESTRATIFICATI® FOR
ACCELERATED CHARGES

Nowadays, many applications of lead acid batteeesiire reduction of the charge duration,
for instance, a 4 hour-charge for lead acid basein grid energy storage or 1 hour-charge for
lead acid batteries in electric buses. Such redostof charge time imply the use of a new
charge process.

One way to reduce the charge duration is to perfanrearly destratification step without
waiting for the end of charge. Early electrolytestatification by gassing is possible. It can
start as soon as the power of the charger is dkajlae. as soon as the charge acceptance
becomes lower than the nominal current of the dratgowever, limitation of this gassing is
not possible using traditional charge methods wtlggrge acceptance is higher than C/20.
Indeed, not only the current value share for datation (gassing current) can become too
high and damage the battery, but also it becomesditficult to estimate and thus to control
the electrical quantity supplied for the destraéifion.

The new charge method proposed here (Charge&Diéisaibn charge method — C&D)
focuses on the reduction of the charge time fortectrlead acid batteries using early
destratification, which is performed and controllesing charge acceptance measurements
during the charge.

2.3.1 Objectives

This new charge method aims to reduce the change tor flooded lead acid batteries in
controlling the destratification phase as follows:
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Starting early the destratification phase, when ¢tharge acceptance is not yet
negligible. Practically, destratification can stag soon as the charge acceptance
becomes lower than the charger nominal current.

Controlling the total electrical quantity for gasgi(or for destratification); for
instance 7% of the total charged electrical qugntit

Maintaining the gassing current at a value nothigd.

2.3.2 Principle

Figure 49 represents the principle of the C&D ckangethod with early destratification in
order to reduce charge time, consisting in theofaithg steps:

| step at constant current or constant power duviich the voltage increases
continuously up to the gassing voltageas This step is similar to th& phase of the
IUi charge (Figure 32).

lla steps, dedicated to charge acceptance measurehh@se steps consist in fixing
the voltage aWgas To get rid of transient effects, a certain latetioye is included
between the voltage fixation and the current mesamant. This latency time is a few
seconds, for instance 3 t010 seconds.

IIb steps of overcharge during which an overchargeentitovercrarcelS supplied to

the battery. lovercHarce IS determined from the measured charge acceptance

Iacceptance@nd a convenient gassing curresis

lovercHArRGE = laccepTancet leas (54)

_ Battery

IACCEPTANCE

| oveErcHARGE
= lacceptance™ leas

i i lcas

1 H ~
T ~
HT
HET

11 11
¥ 1y 3
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Figure 49: C&D principle to reduce charge time fitooded lead acid batteries: (I) constant current
step, (lla) charge acceptance measurement stepgassing voltage, (lIb) overcharge steps at
overcharge current Qvercharcg Which equals to the total sum of charge accemaiecerrancg and
gassing current @a9: lovercHarce= lacceptancet lcas
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Two ways to determine a convenient gassing cun&lnie are considered:

* For the shortest duration of charge, gassing ctitggg is set at the maximum value
the battery can afford (e.g. C/20).

» For applications where the charge duration is seddvance (e.g. 4 hours), gassing
currentlgasis calculated taking into account the electriazdmfity for destratification
(Qoes and the remaining charge timBefain)-

lcas = Qoes/ Tremain (55)

The Qpes is calculated as a function of the depth of thecpding discharge. As mentioned
above, during the first charge step at constaneatyi.e. from the beginning of the charge to
the moment when the battery voltage reaches thsingassalue, 60 to 90% charge is
accomplished. In practic@pes can be set as a percentage, e.g. 15%, of thisieldquantity
that has been provided to the battery during tts¢ $itep of the chargé gtep).

In order to update regularly the charge acceptaatge, thella andllb steps are repeated
times untilQpesis reached.

2.3.3 Experimental

In the context of MICROSCOPE project - Grid coneecinverter combined with energy
storage for production optimization — a 4-hour geamlgorism of C&D type has been
developed at EDF R&D in cooperation with Montpellié University. This algorism is

integrated to 12 and 48 V commercial chargers db-8ynergy Society without any
modification of the charger maximum power.

Table 5: IES-Synergy charger: electrical charactégs, integrated C&D and Ui charge profiles

Max output power: 222 W + 3%

‘Max output current: 15 A + 2%

Nominal battery voltage: 12 V

Vgas: 14.6 V

Qps: 11% of total charged Ah during | step
lcasmax C/20

C&D charge profile (Figure 49) |lgas: Qoed T remain

Total charge duration: 4 hours

Duration of Il step: 5 seconds

Duration of I, step: 60 seconds

Veas 14.6 V

115 A

13 A

Duration of the overcharge phase: until 17% of ghdrAh accepted
during phase A and phaBeis obtained

Electrical characteristic of the |IES
Synergy charger

Traditional charge Ui profile
(Figure 35)

In this application, batteries are charged by tte during the night at lack period, i.e. from 1
to 5 am, and by the photovoltaic panels duringdhg except during the time when they
supply energy to the grid. They are usually disghdrnn average of about 50% DOD.

The C&D charge and the traditional IUi charge arkieved by IES-Synergy charger using a

prototype of compressed lead acid battery 140Ah/di2veloped at EDF R&D. The battery
was charged with a Ui profile followed with a 8drocharge at 14.6 V then discharged at
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50% DOD before being tested with the IES-Synergargar. These cycles were operated
with BITRODE Battery Charge and Test System, Moduipe LCN 200A — 12V.

Figure 50: Montage of the charge of the compredsstery (1) with either Ui or C&D profiles using
the 12 V commercial charger IES-Synergy (2); vatagd current are at the output of the charger
recorded by Provista logical via computer (3; eftebite density is measured by the Battery Coolant
Checker (4).

During charging with IES-Synergy charger, the cledrglectrical quantity, the voltage and
the current at the output of the charger were dEmbrby Provista logical via a computer.
Battery voltage and current were measured by HO&gcal (via a shunt to measure the
current). The electrolyte density is manually meeduat the top of the battery using Atago
Refractometer BC-2E — Battery Coolant Checker.

2.3.4 Results and discussion

Figure 51 shows the battery voltage, battery ctiraed measured density profiles during the
C&D charge. In thel step of constant current, the measured chargeptme and the
gassing current are clearly observed. This meaastite duration of the charge acceptance
measurement at 5 seconds can ensure accurate atinnof the battery current response. On
the voltage profile, a slight increase ofAé¢ is observed which can be explained by the
contribution of drop voltages on the cables. Thoreg voltages, depending on the resistance
of the cable and the current flow, decrease wighdixcrease of the charge current.

Thel step at 15 A lasts about 3 hours, meaning thath& charged. According to the C&D
algorithm, thelgas has to be 11% of this value, so 4.95 A. As sooithasbattery voltage
reaches 14.6V, the overcharge step is done to henmgthe electrolyte. At the beginning of
this step, thdovercharceiS limited at 15 A by the maximum output currefiittioe charger
then it is equal to about 3 A. It means that durindiour of early destratification, the
overcharged Ah is less than 3 Ah, so 6.7%, whidkeds than 11% expected. In this case, the
setting oflgas at 3 A instead of 4.95 A programmed was due t@lautation error of the
program integrated in the charger.
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Nevertheless, an obvious improvement of the elbg&a@ensity stratification can be observed
when using the early destratification. This rediit with the electrolyte density evolution
illustrates on Figure 31 showing that most of theatsgication is removed with a 5%
overcharge. During thé step at constant current, the density increasghtlgi with the
battery voltage. As soon as thevercharce Which is the sum of the measured charge
acceptance and the calculated gassing curremiplged the density increases with an obvious
higher rate. This reveals that the early destcatiion process has effectively started. After 4
hours of charge, the electrolyte density at theisoground 1.26. It should be noted here that,
at the end of this C&D charge, the acceptanceilishsgh, 6.5 A. This shows that C&D
charge is, of course, not a complete charge, bjisisa partial charge. This is the second
reason why the electrolyte density is not higher.
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Figure 51: Voltage, current and electrolyte densisofiles measured during C&D charge. The
battery had been discharged with 50% DOD. The tcialrge time was 4 hours.

A traditional Ui charge was also operated on tame battery (cf. Table 5). Results of this
charge, battery voltage, current and electrolytelgions, are illustrated in the Figure 52.
Similar to the C&D charge, during thestep at constant current, the density increasgstisi
When the battery voltage reaches the gassing vaie,V, the density increases faster phase
after phase. Electric quantity during thid Bhase is 17% of charged Ah during the first and
second phases; (¥ U). The electrolyte density reaches 1.275 atethe of charge lasting 7
hours 15 minutes.

Compared to C&D charge, at 1Ui charge without eadgtratification, after 4 charge hours,
the electrolyte density is about 1.235, which isvdo than in the case with early
destratification, i.e. 1.26. This confirms agaifia¢ncy of the early destratification. It is clear
that, within 4 hours of C&D charge, the batterya charged as well as in the case of 8 hours
of traditional 1Ui charge regarding the state ofaxde. But, within half reduced charge
duration compared to a traditional IUi charge,ahde acceptable in condition that refresh
charge is periodically achieved to establish a gaate of charge, e.g. once a week.
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Figure 52: Voltage, current and electrolyte dengitgfiles measured during 1Ui charge. The battery
had been discharged with 50% DOD. The total chamge was 7 hours 10 minutes.

2.3.5 Conclusions

A new charge method is proposed for fast chargeb aotelerated charges using early
destratification with charge acceptance measuresnértie following conclusions can be

drawn:

* The overcharge phase, which begins as soon ah#ngecacceptance becomes lower
than the maximum output current of the chargere-eidwrly destratification phase, can
efficiently homogenize the electrolyte.

* Thanks to the charge acceptance measurement, énehavge current as well as the
electrical quantity for destratification can beatdéted and controlled.
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Time (h:m)

Density

* The charge time can be reduced with a factor of ¢tammpared to a traditional Ui
charge with the same charge regime. This factortbeahigher if increasing the initial

charge rate. Accelerated charges should be usgdfdrésh charges are periodically
achieved to re-establish a good state of chardbeobattery after several accelerated

charges.
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Conclusion of chapter 2

Electrolyte stratification is a common problem anted lead acid batteries, in which the
electrolyte on the bottom tends to be more conegdrthan at the top. The stratified battery,
exposed to accelerated aging process, loses igitaprematurely. One way to homogenize
the electrolyte is to provoke a sufficient strorgs geirculation to mix the electrolyte by a
forced convection.

It is known that gas evolutions due to water etdgsis always occur at the same time with
charge reactions in lead acid batteries. They asmavith the increase of the charge voltage
and become noticeable beyond a gassing point,dc@éssing voltage. At this gassing
voltage, charge current contributes mostly to pragearge reactions, or in other words the
battery is charged with its charge acceptance.ddifimition of the charge acceptance in this
thesis is the current response of the batterygassing voltage. Therefore, a noticeable gas
flow can be produced by applying a current supagndhe charge acceptance, or by applying
a voltage that exceeds the gassing value; thallisccthe destratification phase.

The destratification by gassing is necessary fttebalongevity, but the gas current has to be
controlled to prevent the shedding of active matsyithe depletion of the electrolyte and the
excessive hydrogen evolution, which increases k@rhability risk. In a classical charge
process, which lasts in general from 8 to 14 haies destratification phase is achieved at the
end where the charge acceptance is sufficientlylsmée negligible, so that the current of
gas evolution (gas current) is roughly assimilatedthe applied current. This makes the
evaluation of gas current easier, as well as thbajlmanagement of the charge. In practice,
10 to 15% of overcharge is supplied to the batteryelectrolyte destratification. Nowadays,
many applications of flooded lead acid batteriepine reduction of the charge duration, for
instance, a 4 hour-charge for lead acid battersesl dor grid energy storage or 1 hour-charge
for lead acid batteries in electric buses. Thesecalled accelerated charge and fast charges.
Such reductions of charge time imply the use oéw nharge process. In accelerated charges
and fast charges, indeed, there is not enough &éwadable for the charge acceptance to
become negligible to operate electrolyte destratifon by gassing.

In this thesis, we propose to achieve the destratibn phase as long as the power of the
charger is available even though the charge aaueptis still strong. We then talk about an
early destratification In this case, in order to control the gas cutrigns necessary to know
the charge acceptance. Two methods of charge acmspmeasurement were studied and
tested. The first method, flowing the suggestiohB.dzzo, consists to impose from a current
value superior to the chare acceptance decreasimgnt ramps to detect on the response of
the battery voltage an inflexion point, which claesizes the gassing voltage. This method,
supposed to affranchise the influences of the teatpess, compositions of the positive grid
alloy, etc on the obtained results, turns out toirsoplicable for accelerated charges. It
appears indeed that the response time of the patigoses to practice current ramps whose
slopes are so slow that the resulting measuremanattidn becomes incompatible with the
concept of “fast” charge. We then replaced the d1zzamp” with a new method of charge
acceptance estimation. This method consists to seaperiodically to the battery a voltage
that equals to the gassing voltage. This gassihgeva predicted according to the charge rate
and the battery characteristics. The current resp@icharacterized with a sudden drop of the
intensity, which can reach transitorily a negatwadue, then with a rapid increase. The
intensity tends then asymptotically towards theeptance value. Our experimental results
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show that some seconds are enough to obtain arabté image of the charge acceptance for
the management algorithm of the early destratificephase.

During the charge algorithm with early destratifioa, as long as the charger power is
available, a succession of steps of acceptanceumsmasnt at constant voltage and of steps of
destratification at a constant current superionthi@ charge acceptance is imposed to the
battery. This sequence - measurement at imposddgeothen destratification at imposed
current — is periodically repeated, e.g. every n@nu

The modification of a “12 hours” charger with arga@ithm of the early destratification,
enables the battery to be available for a dischargeiration of the order of 4 to 6 hours. This
division of the charge duration of a factor twooistained without increasing the charger
power. Evolution towards a rapider charge requimeszasing the initial charge rate, so using
more powerful chargers. For a fast charge whosatiduris less than one hour, the estimation
of charge acceptance is no longer sufficient; oag to take into account its derivative. A
patent of EDF and University Montpellier Il has hemibmitted in November 2008 about this
subject.

84



CHAPTER 3 - DISCHARGE OF LEAD ACID BATTERY — POLARITY INVERSION

CHAPTER 3 - DISCHARGE OF LEAD ACID BATTERY — POLARI TY INVERSION

Introduction

Polarity inversion is a frequent phenomenon dudegp discharges of lead acid batteries. In
general, it is better to avoid this phenomenon bgeaf its harmful effects on the battery. In
this thesis, our initial objective is to measure¢hboegative and positive capacities of a cell.
As two electrodes have rarely the same capacityinvthis operation, the polarity inversion
of the electrode, whose capacity is lower, is uindatde, but one does not know if it concerns
a negative or a positive electrode. Utilizationaofeference electrode helps answering this
guestion.

The first part of this chapter presents the théwakprinciples and hypothesis of lead acid
battery polarity inversion. The second part tréis phenomenon in details through results of
laboratory experiments on different kinds of corti@mal lead acid batteries. Two kinds of

reference electrodes manufactured ourselves dalbloeatory have been used.

3.1 THEORY ABOUT THE DISCHARGE OF LEAD ACID BATTERYAND
POLARITY INVERSIONS

3.1.1 Reminder of discharge reactions
At the negative electrode:
Pb+HSGO, +H,0= PbSQ + 2™ +H 0" Reaction 2

Correspondent equilibrium potential:

a

a +

E(Pb/PbSQ) = E,(Pbr Pbsq)+ﬂ|n[ H ] =-0.996- 0.0296(|ogaHSO_ - IogaH+) (56)

n 4
HSO,

At the positive electrode:
PbO, + HSQ, + 2™ +3H,0" = PhSQ, +5H,0 Reaction 3
Correspondent equilibrium potential:

_ RT 3 _ 4 3 )
E(PbSQ,/PbO,) = EO(PbSQl/PbOZ)+FIn &} 8,50, = 1631+ 0.0296l0ga,o, +logal. | (57)
Overall discharge reaction:

Pb+PbO, +2HSQ, +2H,0" = 2PbSQ, +4H,0 Reaction 4

Correspondent equilibrium voltage:

E =E(PbSQ, / PbO,) - E(Pb/ PbSQ,) = 1.931+ 0.0592l0ga,,. 8, .- (58)
4
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3.1.2 Discharge cell voltage and end-of-dischargédterion

As described in chapter 2 (cf. 2.1.2.2), duringharge at a constant voltage, the charge
acceptance of the battery decreases following astiopprofile. This decreasing of charge
acceptance can be related to the decrease ofdabeareinterface area and the increase of the
acid sulfuric concentration in the pores of theiva&ctmaterial. During discharging at a
constant current, a similar phenomenon takes plaod, the battery voltage diminishes
steadily.

The cell voltage at a discharge can be describatibyormulary:

V=E-(Na*+ng+n,+Nng) —RI (59) (Cf Table 4)

With progressing discharge, the equilibrium voltagradually decreases because of acid
dilution. Furthermore, the gradual increase of the&ernal resistance with progressing
discharge leads to an increase of the polarizatm@hthe ohm voltage drop (cf. 1.5.4). These
two situations result to the decrease of the adthge during discharging.

In general, the discharge is stopped when thevodtihge reaches a voltage limit, called the
end-of-discharge voltage, which is specified by thettery manufacturer. This end-of-
discharge is fixed by the battery manufacturerrheo to avoid deep discharges and the risk
of battery polarity inversion, which are criticairfboth electrodes [1]. During discharging,
lead Pb and lead dioxide Ph&re reacted with $$0O, of the electrolyte and precipitated to a
new chemical compound, lead sulfate PhS@hose structure is very different from these
original substances. The initial structure of tretive material is largely lost when this
conversion goes carried too far.

e This is especially critical for the positive elade, because the conducting bridges
between the lead dioxide particles are degradedtiamgbarticles may partially lose
contact between themselves and with the grid, whielans that they can no longer
participate in the electrochemical reactions. Thecmanical strength of the active
material is also weakened when the bonds betweepdhticles re-destroyed and the
tendency to material loss (shedding) is increased.

* For the negative electrode, deep discharges atieatrbecause of the danger of
reversal. Expanding additives of the active makeniay then be lost by oxidation.

* The danger that lead dendrites grow during the eyt recharge is increased in
lead acid batteries by the fact that most of the scconsumed during deep discharge,
and the residual electrolyte may become dilutedsuch a solution, the solubility of
lead is increased markedly and therefore so istéimelency to form thin fibers
(dendrites) that surround the separator and forortslircuit when the battery is
recharged. As a remedy, often sodium sulfateSia is added to the electrolyte to
reduce the solubility of lead when the batteryischklarged.

In practice, the capacities of negative and pasiglectrodes are not quite the same. The
battery capacity is limited by the lowest electradgacity. This can be caused by several
factors. In general, for batteries at long opewtttr periods, the self-discharge rate of the
negative electrode is higher than the one of thatipe electrode, especially in the batteries
with antimony grid alloys (cf. 4.1.1.3). For heaayty batteries, the age mechanisms are not
the same at the negative and the positive eledrobee positive electrode, which suffering
for the corrosion phenomenon including the gridwghg formation of electric passivation
layers and the degradation of the positive matécialt.1.3.1), usually losses more rapidly its
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capacity. The capacity difference of the negative positive electrodes can be attributed also
to designs and manufactures. Some manufacturesmtt® over-proportion the negative

electrode to prevent it from the polarity inversidaring discharging, which can cause the
oxidation of expanding additives meaning the défiai lost of these latter. So, when the
discharge test is stopped, the capacity obtained fact the capacity of either negative or
positive electrode and not both of them.

3.1.3 Diffusion of sulfate ions

At discharge, the sulfate ions He@onsumed at both electrodes, i.e. at reactivefades,
are renewed at the positive electrode by diffusiod at the negative electrode by diffusion
and migration from the bulk electrolyte (cf. Eq1l)R The transport of HSQions is executed
in majority by diffusion, as the transference numbg& HSQ, is very small, 0.1. The ion
current flow in the electrolyte is ensured essélgtiay H;O" ions.

The local concentrations diminish with progressiiigcharge and the lowest concentration is
normally met at the proximity of the reactive irigees. The cell voltage drop, which marks
the end of discharge, can be attributed to thetfadtthe concentration of sulfate ions tends to
zero at the proximity of one of interfaces. It medhe diffusion cannot bring any more
necessary sulfate ions to the reactive interfacsugaply the reaction with the demanded
discharge rate. This unavailability or too low d#gfon of sulfate ions at a demanded
discharge rate can be explained taking into accolthindrance caused by the sulfate
crystals, i.e. the discharge product, which fiie pores and prevents the sulfate ions to pass
through.

»
»

Transport rate of HSPions
s
SL
[
O
o |Q_
X 1O
+
T |:

e ——

Discharge time

Figure 53: Evolution of the transport rate of HS@ns by diffusion and migration from the bulk
electrolyte to the reactive interface as a functainthe discharge time. HQQons are transported
essentially by diffusion.

3.1.4 Proposed mechanisms of polarity inversion

A definition of polarity inversion of a cell is theetically given by Gory in [54] is that a cell
is inversed when its positive electrodes becomatiegand vice versa.

As described in 1.1, regarding chemical and stratfooints of view, the two electrodes are
different. So this definition of polarity inversioms well as the possibility for this
phenomenon to take place may seem a bit confuing.it is known that at the end of
discharge the two electrodes are covered with #mesmaterial, i.e. lead sulfate PbSO
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Moreover, in the case of lead acid cell, it is kmothat both two electrodes are, before
formation, made of lead oxide (PbO). From thesdufes, inversion is supposed to be
possible.

At discharge with polarity inversion, oxidation degs of lead change as illustrated in Figure
54,

Oxidation degree OXYDﬁ'”ON

A

IV —+ PbQ, (P + 207) .,
" Polarity inversion

Positive electrod : :
: (deep discharge)

at discharge

> || - PbSQ (P + SO2)
Polarity inversiors. Negative electrodg
(deep discharge)-, at discharge
“& 0 Pb
\4
REDUCTION

Figure 54: Oxidation degrees of lead; state vaoat of active materials at discharge with polarity
inversion [6]

Proposed mechanism by 1zzo [48]

Regardless of the total polarizatio®,§ and the ohm voltage drofRl) during discharging,
polarity inversion can be attributed to the sigmeirsion of the electromotive forcé&sof a
cell. This inversion of a cell consists of two sessive inversions of each electrode polarity.

Equilibrium Voltage (V)

A

inversion of

1stelectrode Figure 55: Evaluation of the equilibrium

voltage of the cell during discharging with
polarity inversions of two electrodes, one

0 Discharge‘time after the other [48].
inversion of
K 2nd electrode
-2 ~—

For instance, the polarity of positive electrodangersed first. While the concentration of
sulfate ions tends to zero at the reactive interfat the positive electrode, this leads
0.0296l0og[HS@] tends towardoee and E(PbSQ/PbG,) tends to fall towardes. As soon as
E(PbSQ/PbG,) reaches a value which equals or is inferioE(Bb/ PbSQ), i.e.<-0.2996 V,
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PbSQ s converted to Pb. The discharge of the positleeteode becomes the charge of the
negative electrode. The equilibrium voltage of ¢b# becomes:

Ewi-mver = E(PbO, /PbSQ) - EPb/PbSQ) = EPb/PbSQ) - EPb/PbSQ) =0 (60)

Then at its turn, the negative electrode polastynversed0.0296log[HSQ@] tends toward
+o0 andE(Pb/ PbSQ) increases towardos: It meets the value &&(PbSQ/Pb(G,) and PbSQ®
is consumed to produce PHOhe discharge of the negative electrode beconeesharge of
the positive electrode. The equilibrium voltagelaf cell becomes:

Enver = E(PbO,/PbSQ,) - EPb/PbSQ,) = EPb/PbSQ,) - E(PbO,/PbSQ) = -E
= -1931- 0059200a,,. 8,5, (61)
Taking into account the Joule losséR, (simplified from the total overvotage and the ohm
drop, cf. 1.5.6) during discharging, Gory proposedond principle of the polarity inversion
regarding the total cell voltage during dischargivig which equals toE — RI without
distinguishing the inversion processes of negative positive electrodes.

Proposed mechanism by Gory [54]:

Figure 57 illustrates the variation of the equililon voltageE and the voltag®/ during an
inversion as functions of time for a cell in a ssrconfiguration with two other cells.

Istcell 2ndcell Jdcell
O a==) CP-['J o
2V 0.6V oV
3.4V

Figure 56: Battery with three cells in series cgufiation. One cell is inversed, its voltage equals
minus 0.6 V [54]

The equilibrium voltage, which can be measured utyirgy off the current rapidly, decreases
rapidly to zero after the beginning of the voltatgerease corresponding to the normal end-of
discharge, passing by zero at pothen it slowly increases in the inversed dirattiBoint

A corresponds to the zero equilibrium voltage betbeeinversion: the pores are filled with
lead sulfate crystals and the electrolyte canngtraare enter and reach the remaining active
materials. The current continues to pass througtb#ttery thanks to the equilibrium voltages
of the other cells fLland 3° cells). It is going to decompose the sulfate with inversed
reactions. The inversion therefore takes place amdequilibrium voltage, whose sign is
opposed from the initial one, appearsEfveris its absolute value, we haVgwer = -Einver

— IRNver In keeping always the positive direction of theatiarge current. The equilibrium
voltage and the Joule’s losses have the sameik@gimla cell at charge.

The cell voltage decreases quickly beyond the lohthe normal end-of-discharge, passes by
zero at the poinB, at the moment where the equilibrium does notbgstome zero but just
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compensated with the ohm lost. It increases nax, inanner quantitatively very incomplete
because of the deep sulfation, towards minus 2 Ylemthe equilibrium voltage equals to
zero, the cell voltage equals to the Joule losses.

Voltage (V)
A
2\
E
Figure 57: Variation of the equilibrium
before inversion voltage E and the cell voltage V during the
vV of the cell polarity inversion of the cell without
0 Discharge time distinguishing the two electrodes of the cell
B > [54].

A ’ during inversion

-2

In brief, two proposed mechanisms associate tharippinversion of electrodes to the limited
diffusion of sulfate ions at the end-of-discharg@éis is an initial foundation we take into
account to explain and discuss the results obtailneidg ours experiments.

3.2 EXPERIMENTAL
3.2.1 Initial objective

The objective of our experimental work is to detemnthe capacities of the negative
electrode and the positive electrode of a celthedimited-capacity electrode.

3.2.2 Tools
Batteries flooded batteries

e 70 Ah/12 V Monobloc Fulmen 070430 A-A: flat-platgicled in a photovoltaic post.

e 140 Ah/12 V Solar Monobloc Fulmen ASSSOLARBLOC140/ltubular-plate,
maintained in float charge.

e 140 Ah/12 V: flat-plate, compress, cycled tests.

e 110 Ah/12 V heavy-truck SLI Exide D02075W01-A: flalate, stored at open circuit.

Generatar The discharge with limited voltage at minus 2 &lfavas executed by the bipolar
alimentation and amplifier KEPCO (BOP 20-20M) +\220 A.

Temperature measurementwo thermocouples JUMO, type K are used to measur
temperatures of ambient and of the battery.

Density measurementelectrolyte densities are manually measured befand during
discharging by the portable density meter Denddig>3

Recorder battery voltage, current, temperature and ambemperature were recorded with
Personal Daq 58' USB Acquisition Systems.
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3.2.3 Electrode potential measurement using referee electrodes

The principle of electrode potential measurementising reference electrode is presented in
the chapter 1 (cf. 1.2.1 electrochemical cell). T™herking electrode and the reference
electrode can be in two different solutions, whéeh related by ionic bridge, or in the same
solution and they are isolated from each other Igemarator. In this thesis, both methods
were used (cf. Figure 58 and Figure 59).

<« lonic bridges—

_UNEE; (filled with fibre of glass h&
@ O O and acid sulfuric 1.24) @ O @

Reference cell ~ Working battery — 6 cells  Reference cell

Figure 58: Schema of electrode potential measurétmeising reference cell with ionic bridges. Two
difference reference cells are used to determieentigative electrode potential of the first cell k)
and the positive electrode potential of the sixtfi (Upo9. According to the way to connect the
measurement channels, the values obtained asge¥V. and Uies = (-V.).

UNEG

U|01n2 U Up3n4 U Up5n
<> | Y p2ndi<——| Ypink——>
@ < ©)

Negative |
electrode
Reference [
electrode
Positive [
electrode 1 2 3 4 5 6

Working battery — 6 cells

Figure 59: Schema of principle for the measurenwnthe electrode potential and the pseudo cell
voltage by using reference electrodes. The batternsists of 6 cells in series configuration. The
negative terminal is negative electrode of thed iedl; the positive terminal is the positive efecte of
the sixth cell.

In the second case where reference electrode extaa electrode that is added to the battery
to measure the potential of the working electraldese criterions have to be kept in mind:
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« The potential of the reference electrode has todmstant, i.e. it must not participate
to reactions of the working electrodes.

* The material of the reference electrode has toheenecally stable at the contact with
the battery electrolyte.

* Input impedance of the recorder has to be sufficgtrong to get rid of all current
circulation via the reference electrode.

It is clear from Figure 59 that the voltage meadueeg.Upinz is not the one between two
electrodes of the same cell but between a negatearode and a positive electrode of two
successive cells. It is called the voltage psaudo cell

Reference electrode manufacture and maintaining theharge

The material chosen to manufacture reference eldetis Pb, which is taken from a lead acid
negative electrode. The steps of manufacturingeafe electrodes are presented below.

| .| J] 975‘5%
Empty |
electrolyte
1. Wagging + 2. Rinsing with tap 3. Scissoring and | 4. Cutting the negative
open circuit for water taking out cells. plate into several slices,
24 hours Taking negative plates Eliminating most of
active material

5. Charge reference electrodes with a current ah&AQg for 72 hours with limited voltage at
2.65V/cell.

6. Reference electrodes are at open circuit foirrmim 24 hours before using.

7. As Pb is not completely stable in the elect®lgf lead acid battery because of the self-
discharge caused by the secondary reactions (8f2 Jand 4.1.1), the potential of the
reference electrodes has to be periodically cdettoMWhen it clearly deviates from the initial
value, reference electrodes have to be rechargealirlexperiments, the reference electrodes
are systematically recharged after each test chdige.

Reference cell manufacture and maintaining the chaye

Reference cells of 2 V were manufactured followihg laboratory prototype of EDF R&D.
States of charge of reference cells are periogicetintrolled by density measurements.
Charges at 10 mA/g for 72 hours with limited vokag 2.65V/cell are performed to establish
a good state of charge.
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Reference
electrodes  Measuremen

lonic bridges \
' ¥ channels

Working
battery

Figure 60: Experimental measurement schema ofreléetpotentials and pseudo-cell voltages using
reference cells with ionic bridges and referen@xebdes on a tubular plate battery.

3.3 POLARITY INVERSION OF FLAT-PLATE BATTERY
3.3.1 Experimental

Table 6: Experimental procedures of the 70 Ah/1flat/plate battery. Densities before and after
discharge test: ghcy, dapch

Time Services Remarks
02/04/2007 Picked up from a photovoltaic station U=12.69V
d=1.275

7 days Charge at4 A, 143V

2 months Open circuit depcu1 = 1.28
Discharge at 4 A, limited voltage at— 12 V(1 dapcHr = 1.17

7 days Charge at 4 A, 14.6 V depche = 1.22
Discharge at 4 A, limited voltage at — 12 \/“sz dapchz = 1.16

7 days Charge at 4 A, 14.6 V (1 days) then at ¥3(8 days) depchz = 1.22
Discharge at 4 A, limited voltage at — 12 \7"13 dapchs = 1.16

14 days Charge at4 A, 14.6 V depcpa = 1.27
Discharge at 4 A, limited voltage at — 12 \7’14 dapcha = 1.17

The tests of discharge are manually stopped. Digehate at C/17.5 = 4 A is chosen so that
the discharge lasts during the night in order tdlifate the supervising and the test stop.
After discharge tests with polarity inversion, mmoged charges within voltage restriction are
achieved.
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3.3.2 Results and discussion

The following graphics present the results of thelécharge.

Figure 61 shows the potential profiles of th® riegative electrode and thd' fositive
electrode related to the reference cells. Thesdtsematch well with the results measured
using reference electrodes.

According to the material of the reference elear¢a Pb electrode) and the way to connect
the measurement channels (cf. Figure 58), in traptyc we can note that, at the beginning of
the discharge test, the potential of the positieeteode V. ) is a little higher than 2 V while
the one of the negative electrod¥_)4s around 0 V giving a cell voltag®] of:
U=V,-(-V)~2V

Polarity inversion profiles

It is clear that polarity inversion of a cell costsi of two steps corresponding to two potential
profiles of the positive and negative electrodes.tHis case, the positive electrode first
reaches the limit of a normal discharge after 6rdi@i discharge. Its potential rapidly falls
down from about 2 V to zero and beyond this momentaintains at this zero value. The
potential of the positive electrode changes froxht® 0 V, which is similar to the potential of
the negative electrode (the reference electrodensgative electrode). It is said that positive
electrode is inversed. The absolute potential vali¢he negative electrode continues to
slightly decrease toward minus 2 V, but still stalgse to 0 V. The cell voltage value is also
close to 0 V. Then, after 18 hours of discharge pbtential of the negative electrode abruptly
drops to minus 2 V from the value of the order d¥.0At its turn, the negative electrode is
said also inversed. At this moment, polarity ini@nsof cell appears, the opposite situation
compared to the one before inversion takes plastengial of the positive electrod®.() is
around 0 V and the one of the negative electrodg i a little inferior of minus 2 V leading
the cell voltage to U = V- (-V.) ~ - 2 V. The polarity of the cell is inversed. ede
observations validate the proposed principles @6 land Gory regarding the profile of cell
voltage.

Two differences between the potential profiles ofipve and negative electrodes during
inversion are observed. Firstly, the positive elmdt takes more time to inverse than the
negative electrode does. It takes about 2 houfallt@own close to 0 V from 2 V while for
the negative electrode, it takes just some minatelsop down from around 0 V to minus 2V.
Secondly, the inversion of the negative electradmarked with a variation of the potential
similar to “coup de fouet” phenomenon, which is poésent at the potential profile of the
positive electrode.

“Coup de fouet’phenomenon:

« “Coup de fouet” is a voltage dip followed by a reepy at the start-of-discharge of a
full-charged battery or is a voltage maximum folexivby a recovery at the start-of-
charge of a deep-discharged battery. Main parasmeter the trough voltage, in the
order of 10 to 80 mV/cell, the “plateau” voltaghettrough duration and the plateau
duration.

* Delaille [55] revealed that “coup de fouet” alwageflects the positive electrode
behavior.
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« The commonly accepted interpretations about caofstee “discharge coup de fouet”
and “charge coup de fouet” are the nucleation ef l[dad sulfate crystals and the
nucleation of the lead dioxide respectively [55-58] his thesis work, Delaille
revealed that mass-transport limitations in theepqrobably due to the electrode
texture, are likely to take a significant part hetorigin of the “coupe de fouet” at
charge as well as at discharge [55].

Indeed, after inversion, the negative electrodediatharge can behave like a positive
electrode at charge, i.e. the supplied dischargectudecomposes lead sulfate crystals PbSO
to lead dioxide Pb® Moreover, as the discharge is far deeper thaarmal discharge, the
criterion of a deep-discharged state for the “chargup de fouet” to take place is largely
fulfilled.

Time (h:m:s)
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3 1 L 1 1 L
gy T—
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Figure 61: 70 Ah/12V battery"discharge with —12V end of discharge. Potentialfites of the first
cell negative electrode (battery negative termidl,), and of the sixth cell positive electrode (batter
positive terminal), V. Coup de fouet phenomenon at the inversion negarefile. We chose to
present (-\) at the place of Mo avoid crossing the profile of the positive &lede \;.

Voltage scattering phenomenon on cells in a seriesnfiquration

Figure 62 shows voltage profiles of six pseudosdella series configuration. They are similar
one another regarding the shape of the voltagel@nohich consists of a positive electrode
inversion followed by a negative electrode invemsishich is remarked with a “coup de

fouet”. However, these inversions do not take platéhe same time. This confirms the
voltage scattering phenomenon on cells in a seoaiguration. In this case the dispersion of
voltage is more remarkable at positive electrodemntat negative electrodes. The first
positive inversion was after 6 hours and 30 minuéglischarge while the last positive

inversion was after 10 hours. It is well known thata normal discharge, the weakest cell
voltage imposes the stop-discharge, thus limitirggdischarged battery capacity.
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Figure 62: 70 Ah/12V battery"ddischarge with —12V end of discharge. Potentiafites of pseudo

cells. Scattering voltage phenomenon on cellsiiieseonfiguration.
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Figure 63: 70 Ah/12V battery,"4discharge with —12V end of discharge at C/17.5 A.4Battery
voltage profile and calculated slope voltage pmfibix negative inversions and six positive inoaisi

can be seen with the slope profile.
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Distinguishing the positive and negative inversions

The total voltage between two terminals of the dygtiduring discharging is illustrated in
Figure 63.

It is possible to distinguish the positive and riegainversion groups with a 0 V plateau
voltage between them, but not each inversion. Isepbng the slope profile of the battery
voltage, each inversion can be easily detectednbgbaupt decrease of the slope value. It is
clear that, slopes of the positive inversions analker than slopes of the negative inversion.
The appearance of the “coup de fouet” at the negativersion profile is remarked with a
small positive value of the slope.

Heat delivered during polarity inversions

The temperature of the battery was recorded argkpted in Figure 64. Ambient temperature
was 19 to 22.5°C. It is obvious that, during inwams, the temperature of the battery
increases. This due to 2 phenomena: reversible dfetite inversed reactions, i.e. charge
reactions and irreversible heat caused by polamizatncluding Joule effect, which is very

strong at polarity inversion condition.
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Figure 64: 70Ah/12 flat-plate battery. Battery \agje and temperature, ambient temperature profiles
as a function of the charge time. Battery tempegataocreases strongly when the battery polarity is
inversed.

As mentioned in chapter 1 (cf. 1.5.6) regarding therent-related heat effects, heat
generation is proportional to polarization. Whea tell polarity is inversed, overvoltages of
both electrodes strongly increase.

dQJouIJdt = (V - E)l [W] (40)
QJouIe :J.{(V b E)i}dt [Wh] (41)

0

It is well known that, when a 2 V cell is shortatiited, all of its chemical energy is converted
into heat. This phenomenon can be explained ubmdt. (40) as showed in Figure 65.
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=0V,V_,—E=n=0-[1.68 — (- 0.35)] =-2.03V
Short circuit Vear cell - [ (035
dQlouI!dt nX Ishort-circuit_ -2.03x Lhort-circuit

®) o 35V 0 1.68 V@
Cell at open i 5 i
circuit Pb/PbSO4 E PbS04/PbO2
@ 0.3 1.60@
. V=190V, ,—E=1.90-2.03=-0.13V
dQJouh!dt =-0.13x &lscharge
(1.68 1.
Negative electrode 68 @
polarity inversion E=1.68V M =- 0.35-1.68=-2.03V
dQ’JouIJdt =-2.03x &lscharge
Cell 168 0.35@
polarity inversion| | Veen = - 203V, Vg~ E = -2.03 - [1.68 — (- 0.35)] = - 4.06V

dQ]ouIJdt =-4.06 x &lscharge

Figure 65: Negative and positive electrode potdatiand calculation of polarizations during
discharging, short circuit, negative electrode irsien and cell inversion.

At short circuit, the cell voltage equals to 0 WWahe polarization equals to the cell voltage at
open circuit, e.g. 2 V. According to the internasistance of the cell, the battery is strongly
heated, even burned out. When the cell polarityhversed, a similar situation is obtained
regarding the polarization evolution. As revealedrigure 65, the polarization corresponding
to the negative inversed electrode reaches alr@adylike in the case of a short circuit. If
accounting both electrodes, the cell polarizat®® iV, the double compared to the one at
short circuit. As the discharge current is fixdue battery should not burned out like in the
case of a short circuit, though its temperaturaeiases strongly compared to a normal
discharge.
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Figure 66: 70 Ah/12V battery ®discharge with —12V end of discharge. Potentiatfites of pseudo
cells. Appearance of a voltage hump after inversimgnegative potential.
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Voltage hump

In the 3 discharge, a strange phenomenon of a voltage Hamigure 66), which is not
presented in other tests, appears at the end ofptbeedure. We will return to this
phenomenon when discussing results obtained withlan batteries.

3.4 POLARITY INVERSON OF TUBULAR PLATE BATTERY

3.4.1 Experimental

Table 7: Experimental procedures of the 140Ah/1ibMilkar-plate battery. Several discharge rates are
tested C/20, C/14 and C/10.

Time Services Remarks
15/05/2007 | Picked up U=12.40V
d=1.2

14 days Charge at 4 A, 13.8V

7 days Open circuit

Discharge at 7 A (C/20), limited voltage is — 1ZN')
2 days Chargeat7 A, 146V

Discharge at 14 A (C/10), limited voltage is — 122F)
3 days Charge at 14 A, 14.6 V

7 hours Open circuit

Discharge at 10 A (C/14), limited voltage is — 1237

3.4.2 Results and discussion

The following graphics present the results of tieischarge at C/20.
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Figure 67: 140 Ah/12V tubular-plate battery;' tischarge with —12V end of discharge (C/20).
Potential profiles of the first cell negative elexte and of the sixth cell positive electrode. Cdep
fouet phenomenon and voltage hump at the negativilep Three slopes of the inversed positive
potential profile.
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Figure 67 shows that in this battery, it was thgatiee electrode whose polarity was inversed
first. The shapes of potential profiles are sligldifferent than the ones of the 70Ah/12V flat-
plate battery analyzed above for both negativeparsitive electrodes.

Negative electrode

For the negative electrode, a similar “coup de fopaenomenon was also observed but the
trough duration was almost an hour in this cassese minutes in the case of the 70Ah/12V
flat-plate battery. Basing on the proposed intdgtien of the causes of the “coup de fouet”,
this phenomenon can be explained as follows. Atntieenent where the negative electrode
polarity is inversed, the electrode had been vespddischarged and was covered with a lot
of lead sulfate crystals, Pb@cf. Figure 68). At some places on the electroddase,
sulfuric acid could not be any more in contact vitie remaining active material, Pb. As the
discharge current was continued to be applied ¢obidttery and the transport of HS@
totally hindered, remaining Pb cannot be oxidiz&d PE* as no more HSQis able to cross
the PbSQ@ barrier. In this case, at the active interfacejcwhs located behind the Pb$O
barrier, electrons (eare no more taken from Pb to form?Pbut are taken from Bbto form
PB*, following the reaction:

Pb
OZ :\'-\ To external circuit
’ \
Pb™ _/Pb*™\+ 227
2H.0 \202"'+4|-|+ Reaction 21
2 ¥ / N
Ml H,SO, + 2H
Soﬁ— . Solzl_ 224 -

To bulk electrolyte
Two remarks can be made:

« Asthe HSQ, concentration is low, the sulfate ion in solutisrBQ>
e H3O" can still cross the barrier while $?Ocannot.

So, PbQ forms in negative active material behind the PbB&rier, and HSQ, is released
into that closed space, near the active interfelege the normal discharge reaction can then
take place in parallel with the Pb@rmation:

Pb+S0;” - PbSQ + %~ Reaction 22

These reactions, Reaction 21 and Reaction 22 treslisplacement of PbQ®n the backside
of the barrier to inner sites, closer to the acinterface.

PbQ crystals formed at the negative electrode arertbdynamically stable at the inversed
potential of the negative electrode. They shouldraeact with Pb to reform PbS®ecause of
the lack of SGF ions.

An extra polarization, i.e. crystallization polation, was demanded to create first lattices of

PbQ. This polarization made appear the dip voltagethat beginning of the negative
inversion which is considered to the similar “calgpfouet” phenomenon.
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Figure 68: Characteristic of lead acid battery on
4 - . (*- discharge: the “U curves”.[60]

Profiles of S (10% in mass of PbJ@ the middle of a
positive electrode according to a cross sectiontlas
electrode interface: 25% (1), 50% (2) and 100%4gt@es

e 2 ; of discharge.
1 (3) - During discharging, PbSQappears in favor at the area
(2) close to electrode interfaces. At 100% state ofhdigge,
0 ! PbSQ forms a layer that prevents the discharge
0 0.9 1.8 continuing at a fixed rate.

Distance (mm)

Always at the negative electrode, after about 2$@and a half of inversion, a hump voltage,
which was in the opposite direction of the “coupfdeet” appeared. This phenomenon was
already observed at thé 8lischarge of the 70 Ah/12 V flat-plate battery. ¥iggest that as
the charge reaction consumes Ph$@stals on the backside of the barrier layecain hole
the barrier and thus liberate reactive surfaceffueiacid H,SO, could enter into the pores
and meet the remaining active material and thehdige reaction could take place with a
higher rate. Moreover, as $0Oions are available, PbQproduced inside the negative
electrode could short-circuit with Pb remainingieetmaterial to form PbSQOIn addition,
the concentration of the solution at proximity dietreactive surface increases and the
equilibrium voltage increases as well. These thaets would lead to the increase of the
negative potential.

Pb (negative electrode) | HSO, + H,0* + H,O (electrolyte)

o 4
HSO;,

HSO,; +H,0O .
s = Discharge
3

Inversion

Figure 69: Processes of discharge and of polarityersion at the negative electrode. Polarity
inversion appears when a layer of PhS@reventing sufficient acid sulfuric diffusion rfinathe bulk
electrolyte into the reactive surface, forms atititerfaces of the electrode. The reaction of isicr,
which is identical to the reaction of the positelectrode on charge, consumes Ph&@d produces
PbQO, inside the negative electrode.
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PbSO ,
H,O0"
Pb?* ~. DTNS
+

KN/ ~—"“Hso;

HSO; +H,0 W ) Voltage

. )
INCreases

bSO,

> Hump

Voltage )
decreases

Figure 70: Formation process of hump voltage: tbasumption of PbSf the reaction of inversion
leads to a breakdown of the PbSlayer, the diffusion of acid sulfuric is again fcient for the
discharge reaction taking place in advance thanrdéection of inversion. Moreover, Pb@roduced
inside the negative electrode can be short cirguth the Pb, remaining active material, to form
PbSQ. The voltage increases. PbStivades rapidly the short circuit area. The réfif of PbSQ
layer corresponds to the return of the voltageh inversion value.

The discharge reaction as well as the short cireaction reform PbSQO These PbSO
crystals refill rapidly the PbSQayer and this layer separates again some reastisfaces
from H,SO,. The voltage returns to the inversion value. Thidserease and increase of the
electrode voltage form humps on negative poteptiadile. According to this interpretation of
hump phenomenon, it is clear that hump appears whign the reaction of inversion has
already taken place for a certain time, i.e. potaglectrode is already inversed.

Positive electrode

The positive potential profile has also some dédferes compared to the one of the 70Ah/12V
flat-plate battery. The shape of the potential ijlgofrom the beginning to the end of the
inversion did not steadily blow down but broke intoree different parts with three
distinguished slopes whose values decrease with tonzero at the end. They reflect the
decrease of the discharge reaction rate and tmease of the charge reaction rate until both
rates are equals, when the positive potential esaéhV and remains stable. A little trough
voltage was also observed.

One remark for both electrodes is that the posiéilextrode always took more time, about
five times more, than the negative electrode topletely reach the inversed potential value,
i.e. counting from the beginning, where the potriegins to abruptly drop, to the end of the
inversion, where the potential reaches 0 V or miBug for the positive and the negative
electrodes respectively.

Pseudo cells

Figure 71 presents the voltage profiles of six psecells. They well reflect the shape of the
negative electrode with the presence of the sinfiémup de fouet” phenomenon at the
beginning and of the hump, sometimes two successivgps, at the middle of the inversion.
Potential humps occur almost at the same time enyawegative electrode, i.e. after about 2
hours and a half counted from the beginning ofitiversion. The voltage profiles of pseudo
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cells are also clearly associated to the profilehef positive potential with three different
slopes during the whole inversion. The little trbugpltage observed on the positive potential
profiles above, opposite to the direction of hunyas reproducible. We remarked once that,
the trough voltage on thé"gositive electrode potential appears just afterappearance of
the hump on the"5negative electrode potential. We suppose thas, tloiugh would be a
mirror of the hump, as the movement of sulfuricdat the negative electrode when the
PbSQ wall is holed, would cause a drop of acid density the positive electrode.
Nevertheless, the inversion takes place insideelibetrode and not at the surface faced to the
bulk electrolyte.
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Figure 71: 140 Ah/12V tubular-plate battery;' fischarge with —12V end of discharge (C/20).
Potential profiles of pseudo cells. Appearanceaiage humps after inversing negative potential.
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Figure 72: 140Ah/12V tubular-plate battery. Battearyltage and temperature, ambient temperature
profiles as a function of charge time. Battery temajpure increases strongly when the battery pojarit
is inversed.

Rate of discharge current before and after polarityinversion
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During discharging with curremf HSQ, ions are consumed with the rétié and are renewed
from the bulk electrolyte by diffusion to the posi electrode with the rat®dx/dcand by
diffusion and migration to the negative electrodéhwhe rateDdx/dc + It/F.

l:—D$+£ (62)

At the beginning of the discharge, the ability bk ttransport rate is greater than the
consumption rate of discharge current; the baitedyscharged with the later rate.

g 4 — — = Ability of transport of HSQ ions from bulk
= electrolyte to reactive surfaces
<
8 \ — Consumption rate of HSQOions by discharge current
I \
‘5 \
) \
© \\ . Imposed discharge current
c Y -
Q
o <...._Inversion current: HSPions produced
% Beginning ™ ~ by inversion reaction, re-consumed
2 eginning = N by discharge reaction
S of polarity N (1-x)/2 :
O Inversion S \\: ~~~~~~ Discharge current associated Lo
_ _ So HSO, ions produced by
D|SCharge current associated to A% SN - inversion reaction
HSO, ions diffusing from bulk - S~e o
electrolyte T -

Discharge duration

Figure 73: Consumption rate of H3Qons or rate of discharge reactions before anemafiolarity
inversions. After polarity inversion, the discharggaction rate is higher or at least equals to the
inversion reaction rate.

At the moment when the transport rate is lower ttienconsumption rate of the discharge
current, the concentration of sulfate ions tendzem at some active interfaces and the cell
voltage drops abruptly, which marks the end of amab discharge. Beyond this moment, if
the discharge continues with the same dischargeemuvalue, the number of sulfate ions
reaching the active interface becomes too low @ discharge reaction and the polarity
inversion happens. At the beginning of polarityarsion, most of the applied current is used
for discharge reactions with the transport rateH80O, ions. This rate decreases with
discharge time (cf. Figure 53). The exceed parthef imposed discharge current supplies
inversed reactions. This current share for thergiga reaction increases with discharge time.
The inversion reactions produce HS@ns, which are re-consumed by discharge reac8on.
HSQO, ions supplied for discharge reactions come from $ources: HS© ions transported
from bulk electrolyte and HSOions produced by inversion reactions. If the disge
process is prolonged even though polarity inversioave already take place for a long time,
the transport rate from bulk electrolyte tends &oz HSQ ions are renewed only by
inversion reactions.
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If X is the current proportion associated to the digghagaction, which consumes HS@ns
diffusing from the bulk electrolyte, the currenpportion related to the inversion reaction or
to the discharge current, which uses H3@ns produced by the inversion reactiorflisx)/2

As the current proportion associated to the digghaeaction, which consumes HS@ns
diffusing from the bulk electrolyte has to be irbhd between 0 and 100%js positive and
inferior to 1.

Total current proportion related to the dischargeent is:

(63)

It is clear that the discharge reaction rate ihé&igr at least equals to the inversion reaction
rate if there is no more diffusion of HQ@ons from the bulk electrolyte to reactive inteda
x = 0).

Reestablishment of electrode potentials when disclge stop

Are inversed potentials stable when cutting off thecharge current? From Figure 61 and
Figure 67, it is clear that, the less prolonged theersion is, the less difficult to
reestablishment of electrode potentials. For ircgawhen the current is cut off, the potential
of the positive electrode of the 140Ah/12V, havsuiffered for about 6 hours at the inversed
potential, increases immediately from its inversatiie, 0V, to 1.2V (cf. Figure 67). While,
the potential of the positive electrode of the 7014V battery, subjected to the inversed
potential for about 13 hours, cannot return tantsal value, it stays at the inversed value,
0V, when the current is turned off (cf. Figure 61).

It is well known that, the active material utilimat ratio is just about 50%. When the
inversion is not too prolonged, it produces onlgedain quantity of the second kind of active
material, i.e. active material of the opposite pibja These two kinds of active material,
carried by metal grid and more or less bathed wldctrolyte, form several cells in short
circuit, which can be rapidly discharged. As thevacmaterial of primitive formation is more
abundant compared to the material formed by inwkersactions, this latter is consumed first.
In addition, the cell gets back very slowly itstial potential as it is deeply sulfated. In the
case the electrode is too deeply sulfated and sedgerthe inversed potential is stable for so
long time that a simple stop-current cannot helfp iteturn to the initial state of polarity. A
prolonged charge with low rate is required.

3.5 ANALYZING A DEFECTIVE BATTERY BY USING POLARITY INVERSION
DISCHARGE

3.5.1 Experimental

The battery TC5, whose voltage is 11.3 V, was subgeto the test of discharge at C/20, i.e.
7A, with polarity inversion in order to find out wdi electrode(s) is (are) defective.

3.5.2 Results and discussion
By observing the entire discharge voltage proffléhe battery as a function of time, it is clear

that there were 2 under-charged electrodes, whioit the battery capacity. The initial
voltage before discharge was 11.3 V. At start-chsgh, it dropped rapidly to 10.5 V, about
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2V less compared to a normal voltage of a 6-cefleia After 3 hours and 30 minutes of
discharge, this voltage fell abruptly to 7.9 V, abd V less compared to a normal voltage of
a 6-cell battery. Two possibilities lead to thisngaresult:

* Two electrodes of the same nature, two negativevorpositive could be inversed;
these other discharge normally.

* Two electrodes of different natures, one negativé @ne positive could be inversed,;
these other discharge normally.
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Figure 74: Battery TC5 total voltage during discharg with polarity inversion. Battery voltage drops
to 7.9 V after about 3 hours and 30 minutes offdisge at C/20, 4 V less than nominal voltage. Two
cells should be defective.
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Figure 75: TC5 compressed 140 Ah/12V flat-platedrgt discharge with —12V end of discharge at
C/20, potential profiles of pseudo cells. Two cellg, and U,1q, are defective.
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Figure 75 illustrates the pseudo cell voltageshaf battery. It shows that the pseudo cell
consisting of I positive electrode and of'®negative electrode, dha and the pseudo cell
consisting of & positive electrode and of*hegative electrode, Jhy, are affected. These two
voltages are now presented in the same graphiweoftnegative electrode potential and the
6™ positive electrode potential (cf. Figure 76).
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Figure 76: Potentials of negative and positive &ledes at two terminal cells; voltage profiles wfot
defective cells, pdniand Uynz

For Usens, it shows that the negative electrode is affeeted inversed after only 3 hours and
30 minutes of discharge. A “coup de fouet” is atfwious.

For Uyny its voltage is close to OV at the start-test, mieg that one electrode had already
been completely discharged and inversed. The réngaelectrode is inversed after about 12
hours 30 minutes of discharge. The shape of thisrgion resembles the shape of a negative
inversion, which is characterized by a very abrtgit of the potential. Moreover, the
phenomenon of hump, which appeared on the potgniédile of the positive electrode, is not
present on this profile. We can conclude that tmeted discharged electrode of the cell
Upinzfrom the beginning is a positive electrode. Thenefawo defective electrodes are the
negative and the positive electrodes of tflecgll. This can be caused by a short circuit
between them. The result of another test confirtined in the electrolyte of this cell, there
were ions of Fe, which should develop the oxidaiotidn “shuttle” phenomenon and should
discharge the electrodes.

Regarding hump phenomenon, in this battery, hunppgar at the positive potential profile
and not at the negative one. This confirms thammuyphenomenon can occur at either
negative or positive potential profile. A surprigitnversed hump appeared at thgik)
pseudo cell voltage profile after the dischargeenirwas cut off.
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3.6 ANALYZING EVOLUTION OF SEPARATED STATES OF CHABE OF
NEGATIVE AND POSITIVE ELECTRODES USING POLARITY INERSION
DISCHARGE

3.6.1 Experimental
Some details on 110 Ah/ 12 V heavy truck SLI b#&teused for test are follows:

* Nine positive electrodes: grids 64g Pb/Sb + 0.11dkmaterial, out put of active
material: 118Ah/kg for C/20. Thus, under test afothiarge of C/20, the capacity of
positive electrode must be 9 x 0.111x 118 = 117.9Ah

» Eight negative electrodes: grids Pb/Ca 64g + 0.@Q@8kmaterial, out put of active
material: 145Ah/kg for C/20. Under test of dischargf C/20, the capacity of
positive electrode must be 8 x 0.103 x 145 = 118.5A

e Composition of grids: Pb/Sb = Sb 1,6% £ 0,1 + inijees (As 0,1% + 0,02 / Se
0,03% + 0,0025 / Sn 0,12% + 0,04); Pb/Ca = Ca 0,£208/1 / Sn 0,20% 0,02 /
Al 0,0175% + 0,0025.

» Date of fabrication: 06/09/2006.

Three batteries 110 Ah/12 V heavy truck SLI Exideh® same manufacture lot on th8 6
September 2006, B101-103-105, were subjected ferdift tests of discharge (DCH) and
charge (CH) as shown in Table 8. The first tesBdA1 was operated on the" September
2007; the battery was self-discharged for bout b2tims. They were the T7znd 18 October
2007 for the B103 and B105 respectively, so moaa th3 months of self-discharge.

Table 8: Experimental procedures of 110Ah/12V plate batteries, B101, B103 and B105.

Battery Test Description
DCH -12.0V (1) Discharge at 18 A, limit-stop-voltage at —12.0V (1R2)
CH IUi Charge at C/10 (1) and limited voltage at@% (U) for 11 hours than at
B101 C/20 (i) without voltage restriction for 3 hours

DCH-12.0V (2) 18- 12

DCH —12.0V (1) 18 - 12
CH13.6V Charge at C/10 and limited voltage at 13.6 V fo8 héurs

DCH -12.0V (2) 18-12

CH 13.6 V + C/20C After the charge 13.6 V, continue to charge at G/2fthout voltage
restriction for 168 hours

DCH -12.0V (3) 18-12

DCH 10.5V (1) Discharge at 18 A, limit-stop-voltage at 9 V

B105 CH 13.6V 18 - 12
DCH-12.0V (2) 18- 12

B103

Comparison of the following couples of discharge @perated:

* B101 - DCH(1) with B105 — DCH(1) to show differesdeetween a normal discharge
and a discharge with polarity inversion

* B101 - DCH(2) with B103 — DCH(2) to compare thaadéincy of CH IUi and 13.6 V

e B103 — DCH(2) with B103 — DCH(3) to figure out taficiency of CH C/200
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3.6.2 Results and discussion

Before discussing on the results, it should be meled that the initial capacities of two
electrodes are almost the same; they are 118 afidAhlfor the positive and negative
electrodes respectively.

Figure 77 shows the discharge potential profilesaofegative and a positive electrode of
B103, which was at open circuit for thirteen montihss obvious that, the negative electrode
finishes its discharge far earlier than the positelectrode. The remaining capacity of the
negative electrode is just about 50% of the posibme. We remind here that the battery
tested contains antimony in positive grid alloykisTexplains why the negative electrode self-
discharges much faster than the positive electrode.
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Figure 77: B103, first discharge with —12V end a$ctharge. Potential profiles of the first cell
negative electrode (battery negative terminal), ahthe sixth cell positive electrode (battery tiusi
terminal).

Familiar shapes of negative and positive potenpiaifiles are observed. The negative

electrode marks its polarity inversion with an aiirpotential drop to — 2 V and a “coup de

fouet”. Then, after 1 hour from this beginning, tpetential hump appears. When the

discharge current is switched off, the negativeepti&l reestablishes far more slowly than the
positive potential, as the negative electrodevglised far earlier. The positive electrode takes
more time, about 1 hour, to reach its value ofitiversed potential level, OV.

3.6.2.1 B105— DCH(1) with B101 — DCH(1)

Figure 78 (a) shows that after 2 hour and 15 mswatedischarge, at 9V, a first inversion
takes place; it is also the criterion to stop disgle in practice. The remaining capacity of the
B105 battery after 13 months of self-dischargeD$4Ah, 36.8% of its nominal capacity.

Figure 78 (b) shows a complete discharge test wdleoells of the B101 battery are inversed.
Without regarding the potential profiles of negatand positive electrodes, according to the
shape of the battery voltage, we can concludettifenegative electrode is inversed before
the positive electrode and limits the battery c#gacWe can also obtain complete
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information about average capacity of six negadind six positive electrodes: 44 % and 86 %
respectively compared to nominal capacity (110 Adh 6 V is the limit-stop-discharge for
negative electrodes and minus 6 V for positivetedeles.
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Figure 78: Discharge voltage profiles of B105 wiiimit-stop—discharge at 9 V (a) and of B101 at
minus 12.0 V (b). B101 and B105 had been at openitifor 12 and 13 months respectively before
the tests.

3.6.2.2 B101 — DCH(2) with B103 — DCH(2)

Two charge methods, Ui and prolonged IU, wereesin B101 and B103, whose history
and SOC are almost similar each other. These twogehmethods show the same efficiency
in recovering battery SOC after very deep dischargigth polarity inversion. The negative

electrode reaches 65% of its nominal capacity and 90% for the positive electrode. It

reveals also that, both charge methods are noiciuf to well charge deeply sulfated

batteries, especially to well charge the negatigetede.
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Figure 79: Discharge voltage profiles of B101 afi& months at open-circuit and after an Ui charge
(a). Discharge voltage profiles of B103 after 13ntts at open-circuit and after a 13.6 V charge (b).
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3.6.2.3 B103 — DCH(2) with B103 — DCH(3)
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Figure 80: Discharge voltage profiles of B103 affted months of self-discharge (blue), after a one
week at 13.6 V charge (black) and after 2 weelesX8.6 V + C/200 charge (green). Discharge rate is
1.8C/10

It is clear from Figure 80 that a prolonged changdh constant low current is necessary to
recover battery SOC after a prolonged self-disoh@eyiod and polarity inversions. After this
charge, SOC of the negative and positive electrade80 % and 98 % respectively.

Table 9: Results of experimental tests subjected163. Calculated % of remaining capacity
compared to nominal capacityhfmina= 110 Ah

Discharged Ah| Discharged Ah| % negative capacity % positive capacit
B103 Charged Ah at +Eg‘>V at —Eg‘N comp%red to g?mmm ycorﬁpared to gmma|y
DCH -12V (1) - 475 93 43 84.5
CH 13.6V 160 - - - -
DCH -12V (2) - 78.9 98.6 71.7 89.6
CH 13.6V 126.8 - - - -
C/200 80.6 - - - -
DCH -12V (3) - 94.9 106 86.3 96.3

3.7 CONCLUSIONS OF POLARITY INVERSION

The following conclusions can be drawn from thedgtpresented in this thesis on the polarity
inversion:

Mechanism of polarity inversion:

The principle of polarity inversion relates to thmit diffusion of HSQ, ions from bulk
electrolyte to supply discharge reactions. Whenttaesport rate of HSQions from bulk
electrolyte is inferior to the imposed rate of thage reaction, the exceed current will feed
inversion reactions, i.e. charge reactions of fgosed electrode. Inversion occurs, potential
value of the negative electrode becomes potentihlevof the positive electrode and vice
versa. The HSQ ions supplied for the discharge reaction come frovo sources: by
diffusion from the bulk electrolyte and as the proel of charge reactions. The discharge
reaction rate is always superior or at least eguoatlse inversion reaction rate.
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Once the inversion already occurs, the hump voltage a quick increase followed by a
return of the potential to the inversion level pigl, can take place on either negative or
positive electrodes. This phenomenon clarifies ntbeeinversion process, which happens in
the milieu of the electrode, in the back of thefatel layer that prevents a sufficient diffusion
of HSQy ions to the remaining active materials. The ingrgrocess consists of consuming
the sulfate crystals of the latter layer and pradycsulfate crystals in the deep of the
electrode. The sulfate layer tends to move towaedhieart of the electrode.

Distinction of neqgative and positive electrode inusions — application suggestion:

The negative electrode inversion marks the diffeeeto the positive electrode inversion with
a very abrupt drop of potential and a presencecotip de fouet”. It reaches far more rapidly
its inversed potential value than the positive tetele does. These features allow recognizing
an inversion if it is a negative inversion or a igwe inversion without using reference
electrodes.

This result can influence the surveillance of béesubjected to charge/discharge cycles. In
fact, on batteries consisting cells in a seriesfigaration, the inversion of one electrode
polarity (a voltage drop of 2 V) goes usually unoed within the only observation of the total
voltage of the battery on discharge. From the naimwoltage of 48 V, which constitutes a
standard current of photovoltaic station or a backustallation, EDF has carried out a
surveillance system, which detects during discimaydine first inversion of electrode polarity.
The principle is: the intermediate voltages at thedial level (half battery voltage) are
measured. The comparison of the voltage differeriate half batteries during discharging
allows detecting the first inversion. Before thedrsion, the voltage difference between two
half batteries does not exceed generally 200 to B8 The first inversion makes this
difference overrun 1500 mV. For more details, idesrto avoid being entrapped with two
weak cells, which would be distributed to each halftery, in practice, the battery is divided
into four parts and it is the maximum differencattbonstitutes the surveillance parameter.

The result obtained in this thesis would allow idigtishing between a first positive inversion
and a first negative inversion and using this infation to:

» authorize or not the pursuit of the discharge f(ifsi a first positive inversion, the
discharge can continue but not the case of arfeghtive inversion as the oxidation of
expanding additives can not be recovered).

* react on the subsequent management.
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Conclusion of chapter 3

In this chapter, the polarity inversion phenomertuing very deep discharge has been
discussed.

In the case of a full traditional discharge, therent is interrupted when the voltage at the
terminals of the cell begin to drop. The two eled#s, not having the same capacity, it is the
weaker that determines the end of discharge andloeg not know its concerns the negative
or the positive electrode. Using a reference ebeletrhelp knowing this information but one
does not have any information about the capacitshefother electrode unless extending the
discharge until the voltage drop of the secondtedde. The first electrode, forced to continue
the discharge beyond its capacity, is subjecteal fgolarity inversion process. In other words,
inside the negative electrode for example appeasgipe active material, i.e. lead dioxide:
the potential of the negative electrode becomes the potential of the positive electrode;
vice versafor the positive electrode. Such an operation makectrode tired and so, in a
general manner, has to be avoided. The inversianreggative electrode is even particularly
detrimental in term of destroying by oxidation thgnosulfonates, which is an essential
additive for its longevity. We consider, howevdrattin our case, the risk is negligible in the
even that each tested battery has been subjectedytovo or three cycles.

The tests have been carried out on 12 V battareessix cells in a series configuration. In this
case, only the terminals of the battery are acblessiThey correspond to the negative
electrode of the first cell (negative terminal) athe positive electrode of the sixth cell
(positive terminal). The potential of these two agped electrodes of the terminals as well as
the voltages of pseudo cells in a series configurawere analyzed. Two kinds of reference
electrodes were used, giving the same results.

First results obtained from discharges of the flate battery gave us not only the capacities
of each electrode but also the potential profilésxlectrodes and of pseudo cells during
inversion. We obtained different potential profilles the negative and positive electrodes
with the presence of “coup de fouet” phenomenomegative electrodes and not at the
positive electrodes. These results allow recoggi#ian inversion is on the negative or on the
positive electrode without using reference eleasd hese results encouraged us to continue
our exploration into this research, as the liteafbout this phenomenon is scarce.

Next, we operated deep discharges with polaritelisns on a tubular-plate battery. The
results obtained clarify several aspect of thiscpss: the mechanism of inversion in which
the concentration of the sulfuric at the reactiudaces tends to zero and inversion reactions
(charge reactions of the opposed electrode) takeepto produce PhOat the negative
electrode and Pb at the positive electrode; thenatto between these inversion reactions and
the discharge reactions with progressing inversdifierent behaviors of potential profiles
during inversion and when the discharge is switcb#dhigh polarizations cause important
heat losses.

We then applied discharges with polarity inversioranalyze a defective compress lead acid
battery. The obtained results show that the fiedt was short-circuited and lost most of its
capacity. Another test confirmed these resultsdwealing that there was Fe in the electrolyte
of this cell that developed the oxido-reductionuttle” phenomenon thus discharged the cell.
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Discharges with inversion have been used to sttatg ®f charge evolutions of negative and
positive electrodes of SLI heavy struck batteriggosed to different conditions: prolonged
open circuit, IUi charge, float charge at 13.6 Yualization charge with imposed low current
at C/200. The obtained results give the self-disgdhaates of both negative and positive
electrodes as well as effects of different chargegsses on deeply sulfated batteries. The
equalization charge with an imposed low currentlang duration is necessary to recover the
capacity loss of the battery under prolonged opecuit, especially the capacity of the
negative electrode. These results are used irothéhfchapter.

This work is a significant discovery for us abowligsity inversion in particular and about
lead acid battery in general.
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CHAPTER 4 - NEW METHOD OF MAINTAINING THE CHARGE OF
STATIONARY LEAD ACID BATTERIES

Introduction

Backup power supply is one of the main applicatiohead acid batteries. Nowadays, VRLA
batteries subjected to traditional float chargesenter the problem of short service life. This
drives us to continue the work done at EDF R&D &i2000 on methods of maintaining the
charge of stationary lead acid batteries. Firsalgfan overview is taken on stationary lead
acid batteries concerning the self-discharge phemom, traditional float charges and standby
battery failure modes. Then, a new method of maiimg the charge of standby batteries
using low currents and periodical charges is studied tested on different kinds of lead acid
batteries including lead acid batteries with Skl giloys (SLI heavy truck batteries) and Sb
free lead acid batteries (SLI car batteries and AGHMLA batteries). Finally, a new
management system with low current charges is @egespecially for VRLA batteries with
expected targets of improved reliability and insezhbattery life span.

4.1 LEAD ACID BATTERIES IN STATIONARY APPLICATIONS

Secondary reactions such as corrosion, water dexsitign and oxygen recombination are
the main cause of self-discharge of stationary-e&ad batteries. Maintaining the charge of
standby batteries is necessary to compensate iselfasige. However, if the maintaining-
charge current is too high, it can accelerate tlsgde reactions, which can thus become the
cause of several failures of standby batteries.afipreciated method of maintaining the
charge for stationary lead acid batteries is aeti@itl between their state of charge and state of
heath.

4.1.1 Secondary reactions as causes of self-disalpar

Apart from electronic short-circuits caused by emhtbetween current-conducting elements
and by oxido-reduction “shuttle” of impurity ionsgsent in the electrolyte, e.g.?Fand F&"

(cf. 1.3.3.4), the self-discharge phenomenon iticstary lead-acid batteries is due to the
simultaneous presence of main reactions, i.e. ehargl discharge of active materials and
unavoidable side reactions such as corrosion, watecomposition and oxygen
recombination. At open circuit, the battery voltagees not only correspond to the
equilibrium voltage of principal reactions but dede on the mixed voltage of both main and
side reactions [1]. Its value is between the elguidim voltage value of the principal reactions
and the one of the secondary reactions. Waterrelgsis is one of the principal secondary
reactions and its potential difference is 0.7 @0V lower than the potential difference of the
charge-discharge reactions (depending on electrotignsity and temperature). In these
conditions, at open circuit, secondary reactions @roduced at the expense of principal
reactions; the battery is thus discharged or “deltharged”. However, the influence of these
secondary reactions is quite weak as the kineficxyggen and hydrogen evolutions are very
slow. The battery potential difference at openudires smaller but very close to the potential
difference of principal reactions.

The self-discharge caused by secondary reactiomsecos only the positive or the negative

electrode. The self-discharge of the negative mldetis mainly related to the evolution of
hydrogen and to the reduction of oxygen, while gbH-discharge of the positive electrode is
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principally associated to the evolution of oxygeua 4o the corrosion of positive grids.
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Figure 81: Establishment of a mixed potentiglk at the positive electrode at open circuit. ltsuel
is between the equilibrium voltage value of thengipal reactions Eppsosrsozand the one of the
secondary reaction dg.0/02)Which leads to water electrolysis and self-disgjeaof the positive active
material.

4.1.1.1 Self-discharge reactions at the negative electrode

1. Self-discharge due to hydrogen evolution
H, evolution: 2H;0" + 2™ - H, +2H,0
Discharge of Pb: Pb - Pb** +2e
Overall reactionPb+H,SO, — H, +PbSQ, Reaction 23

2. Self-discharge due to oxygen reduction
O, reduction: %02 +2H,0" + 2™ - 3H,0

Discharge of Pb: Pb - Pb** +2e

Overall reaction:Pb+%o2 +H,SO, -~ PbSQ +H,0 Reaction 24

Thus, in the presence of sulfuric acid, Reactiom28 Reaction 24 cause self-discharge of the
negative electrode with lead sulfate P$® the final product.

4.1.1.2 Self-discharge reactions at the positieetebde

1. Self-discharge due to oxygen evolution

O, evolution: 3H,0 - %02 +2H,0" + 26~
Discharge of Pb® PbO, +H,SO, +2H,0" + 2™ — PbSQ +4H,0

. Reaction 25
Overall reactionPbO, +H,SO, - %02 +PbSQ, +H,0

2. Self-discharge due to corrosion

When lead oxides supply thé @ons to neutralize the Phions:
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Grid corrosion:Pb= PK** + 2~

Pb+0? = PbO+ 2~ Reaction 15
Discharge of Pb® PbO, +H,SO, + 2™ = PbSQ, + 0> +H,0 Reaction 26
Combining Reaction 15 and Reaction 26, we have: Reaction 27

Pb+PbO, +H,SO, = PbO+PbSQ, +H,0

When the grid is on contact with the electrolyte:
Grid corrosion:Pb= Pb** + 2~

Pb+H,SO, + 2H,0 = PbSQ, +2H,0" + 2~ Reaction 16
Discharge of Pb® PbO, +H,SO, +2H,0" + 2™ = PbSQ, +4H,0 Reaction 28
Combining Reaction 16 and Reaction 28, we have: Reaction 29

Pb+PbO, +2H,S0, = 2PbSQ, + 2H,0

The formed lead oxide (PbO) in Reacti@id is converted into lead sulfate according to
Reaction 30 as soon as it gets in contact withusalacid:

PbO+H,SO, - PbSQ, +H,0 Reaction 30
And the result is Reaction 29.

4.1.1.3 Self-discharge rate [1]

It is clear that side reactions taking place atatigg and positive electrodes are independent
of one another and self-discharge rates are natldspiween the positive and the negative
electrode.

Self-discharge rates depend on a lot of factork ssccemperature, grid alloys and the battery
state of charge.

The rates of side reactions depend on temperatuveeh as the rates of self-discharge. This
dependence is often described by the Arrheniustexuiaelow:

5
k=kee T (64)

In which:

k : rate constant of the reaction

Ko . pre-exponential factor or simply thmefactor, is an empirical relationship

between the temperature and the rate coefficiehtikdetermined experimentally.

Ea > activation energy

R : molar gas constant (8.3143 J.thi?)

Generally, the approximation holds true that a terajure increase of 10 K (degrees

Centigrade) the reaction rate doubles. In elecentbal reactions, this means that equivalent
currents are doubled, e.g. a temperature increfa®@ I§ means a current increase by a factor
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of 4; a rise in temperature of 30 K corresponds tactor of 8 [1].

In lead-acid batteries with antimony grid alloyse tself-discharge rate of the negative
electrode is several times stronger than the sethdrge rate of the positive electrode,
depending mainly on the battery age and the anynutamtent in the alloy of the positive
grid. Indeed, at charge, the Sb metal, whose éuiuitn potential is above that of the negative
electrode, dissolves (corrodes) progressively fritw@ positive grid, diffuses through the
electrolyte and is precipitated (reduced) at thgatige electrode. As this contaminated
electrode has a lower hydrogen overvoltage, tlslte in a greater hydrogen gassing rate [1].
The more aged battery is, the more serious thisrfamy affect” is. Sometime, this greater
self-discharge rate of the negative electrode iske@ by an extra negative active material
quantity. In antimony-free lead-acid batteries, & BLA batteries with Pb/Ca grid alloys, the
self-discharge of the negative electrode is largetjuced. It should be kept in mind that the
electrode with stronger self-discharge rate lirthis capacity of the cell.

The self-discharge rate depends also on the bastatg of charge as it affects gassing
reactions. It is clear that the self-dischargeaisier when more active materials are available,
or in other words hydrogenztnd oxygen @evolution cannot occur at a surface covered by
lead sulfate PbSO

4.1.2 Traditional method of maintaining the charge:float charge - a trade-off between
state of charge and state of heath

In order to compensate for the self-discharge atldacid batteries, a current whose value
exceeds the self-discharge of the limit-capacigcebde has to be supplied. Traditionally, a
voltage whose value is slightly higher than thetdysit open circuit voltage is applied to
compensate the difference between mixed potentald equilibrium potentials of the
principal reactions. This is called “float charge”.

Iphsoa/Pho2

Charge
Charge

Discharge
X
m
3
x
3
Discharge

(a) (b)

Figure 82: Principle schema to illustrate the dedence of mixed voltage {kJ on temperature (T)
and electrode density (d). The movement gf.Edue to temperature or electrolyte change is
determined here by the movement of either oxyges @x positive active material curve with time.

In reality, equilibrium potentials depend on a dftfactors such as temperature, electrolyte
density, grid alloys [1, 15]. Moreover, as a constaltage is applied between two terminals
of a cell, the potential distribution is not prolyeshared between the negative and the positive
electrode [61-65]. In batteries with cells in aiegrconfiguration, the phenomenon of voltage
scattering on cells is also present [1, 65-67]adidition, it should be kept in mind that the
float polarization increases gas evolution ratebadh electrodes. It is very difficult or even
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impossible to choose a value of float voltage, Wwheaan take into account all of these
phenomena without paying the piper. Convenienttmalcvalues for float voltage have been
empirically determined. To get rid of the risk afder-charge, batteries in float charge are
permanently overcharged.

4.1.2.1 Bimodal float voltage distribution betweidr@ negative and positive electrodes —
difference between vented and VRLA batteries.

The electrode reactions on float charge are desttrib detail by Berndt and Teutsch [61].
During float charge, hydrogen evolution, oxygen lation and grid corrosion proceed
certainly as presented in Figure 83. The float enirrserves to compensate the electrode
discharge caused by these side reactions in maiimgathe voltage above the open-circuit
value. When this float current is too low, i.e. thesitive potential is slightly below its
equilibrium value, or the negative electrode patedns slightly above its equilibrium value,
the discharge of the electrodes would occur. Otlsenvithe battery is completely charged or
overcharged. In general, batteries in float chamgespermanently overcharged. The float
current, i.e. overcharged current, feeds electroisgecondary reactions.

- 4= = : cathodic — : anodic

Grid corrosion et
Pb— PbSO, \/\ Pb— PbS0,

\
W\ zgen Evolgtigﬂ_ : Hydrogen oxidation { //é
- @ \/\ (neglectable) ;7 7
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r “ - .
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Figure 83: Reactions that occur in lead acid batterdependent on electrode potential. Equilibrium
potentials of charge-discharge reactions (Pb/Ph30d PbSQ@PDbO,) are presented in columns,
because they depend on the acid concentration. ddt@reas mark polarization ranges that are
shown in Figure 86 [61]

Berndt and Teutsch presented the model used fat ftbarge describing the single cell
behaviors at overcharge in [61]. Under normal floahditions as the battery is already
completely charged, the charge and discharge owxescof the active materials do not occur.
The equal float current flow through both electr®dan be written:

At the positive electrodejoh: = loz ev. + lcorr.

At the negative electrodeiod = lhz ev. * loz re.
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The balance reactionioh: = loz ev.* lcor = 2 ev. + lo2 re.
flooded batteries VRLA batteries

_f'f}'.i;}-'gc'n' | Omvgen |
reduction evolution|

Owercharging current

. gL | ] i
Oxygen re. | [Corrosion] [Hydrogen ev. [Corrosion|
== — NN . e

e e e e

Figure 84: description of equal float current flotvwough both electrodes in the normal conditions a
flooded batteries and VRLA batteries. Supposingttrerecombination efficiency at the VRLA battery
is 100%.

As shown in 1.5.4.3, in general for electrochemiection the current is an exponential
function of the electrode potential (cf. Eq. (32)}. high overvoltage, current/voltage curve
forms a straight line, called “Tafel line”.

RT . RT . .
na=mzln(|||)—mzlnq|o|)=a+ blogil) (32)

This is applied also for the Hand Q gas-evolving reaction in lead acid batteries, esithey
are polarized by more than 0.3 V already at théebaopen-circuit voltage. Tafel lines for
hydrogen and oxygen evolution have been confirmddearatures. A slopé of about 0.12 V
per current decade is nearly always found for hgdnoevolution, while the corresponding
slope for oxygen evolution is between 0.07 and 0/Jger current decade [1, 15]. Feder and
Carosella revealed that at float charge of a veldad acid battery, the negative electrode is
polarized more than the positive electrode [68].

In the case of VRLA batteries, the principal reaws at the negative electrode during floating
are hydrogen evolution and oxygen reduction. Ag#te of H evolution rate is low thanks to
the utility of antimony free grid alloys, essentilalat current is for the oxygen recombination.
As mentioned in chapter 1 (cf. 1.3.3.2), the rafetlee oxygen reduction reaction is
determined by the rate of oxygen diffusion from tbesitive electrode to the negative
electrode, which does not depend on the electradenpal. If the diffusion of oxygen is
sufficiently fast, which is the case in VRLA bates, the recombination oxygen will occur, as
the potential condition - inferior to 1.23V - igehdy satisfied at the negative electrode. The
negative electrode is thus only polarized by thdrbgen evolution reaction. Therefore, in
VRLA batteries the positive electrode takes esaepblarization and the negative electrode
can be depolarized during float charges.
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Figure 85: Expected polarization curves of positarel negative electrodes, when measured against
silver—silver sulfate reference electrodes. Thguifé demonstrates that the positive electrodes of
valve-regulated batteries are subjected to muchdrigpotentials than the positive electrodes in
vented batteries [62]
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Figure 86: Mathematical models: currents vs. eled# polarization; at 2.20V/cell float voltage: (a)
discharge current of the positive electrode of fled battery and (b) discharge current of the nagati
electrode of VRLA battery [61]

4.1.2.2 Cellsin series configuration — scatterprgblem

In general, in order to obtain a desirable voltagkie, one battery is composed of several
cells connected in series configuration. A usuarn@menon observed in these assemblies is
the voltage scattering between the individual cil|s65-67]. One example given by Berndt
[1] shows that for a mean float voltage of 2.38V pell, a normal distribution curve with a
standard deviation of + 33mV and a difference betwéhe maximum and the minimum
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values of 170mV are noticed. There are many reagmyducing the voltage scattering. Two

of them are found in industrial installations, désphe rigorous manufacturing process

control and special industrial conditions [67]. Tiivst reason is due to the difference in the

characteristics of the cells, even in the same ywtion batch. The second one relates to the
reality that in industrial installations, it is imagsible to control self-discharge condition and

state of charge characteristics of each cell bafsieg.

It is revealed above that the polarization is rmopprly symmetrical for negative and positive
electrodes. The voltage scattering thus refleasvtiitage dispersion of negative electrode in
flooded batteries [68] and of the positive eleceran VRLA batteries [61, 66].

Lead Calclum Batteries in & Utility Power Plant {1200AHr)
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Voltage dispersion appears obviously at the
negative electrodes and its presence is far smaller
at the positive electrodes [68].
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4.1.3 Secondary reactions as causes of failure mede

At float charges, if both electrodes are well piakd, i.e. float potentials exceed the
equilibrium ones; float currents will serve onlypgmduce side reactions. The higher the float
current is, the stronger the rates of side reastianme, especially the rates of gas evolution
reactions.

Secondary reactions are not only the cause ofdsstharge, but also the cause of many
failure modes of stationary lead acid batterieseantbnstant float voltages. Flooded and
VRLA technologies can be affected by corrosion,Juding creeping, and degradation of
positive electrodes [1, 47, 49, 69-73]. VRLA batsrare moreover subjected to electrolyte
drying out and thermal runaway [1, 49, 71, 73, 74].

4.1.3.1 Corrosion

Corrosion leads to the increase of the oxide nhajiers PbQ (cf. 1.3.3.3) and is the cause of
different failure modes [47, 49, 75-81]:
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* The oxides, corrosion products, take more volunaa tihe metallic grid. The result is
an expansion of the positive grid into three din@ms, in particular into the
dimension of each bar of the grid. Under such meiclah stresses, the grid bars get
longer and the grid dimension increases, this ikeda“grid growth” or “grid
creeping”. This distortion can provoke internal gkwrcuits when the grown grid
comes into contact with the negative top-bar (ajuFe 88).

* The formation of an electric passivation layer (l@arayer) at the interface between a
positive grid and its active material preventseddctrical contact between them. The
passivation layer is sometimes said to be a closelyctured PbSOlayer (high-
resistance layer) formed at the grid active-maltént@rface, or lower oxides of lead,
such as PbO, that are generated in a high-pH emiat.

* When the grid growth becomes excessive, apart ftioen passivation layer other
causes of gradual loss of contact between theeantaterial and the grid are noticed.
The first one is the displacement of the activeemal away from the grid as it is not
able to follow the grown grid. The second one ie gradual disappearance of the
metallic grid, i.e. the grid is consumed by coromsand can no longer take the role of
electric conductor (cf. Figure 89).

Figure 88: Due to corrosion, short-circuit took pka and caused explosion accident in a standby
tubular battery: (a) positive plate lengths werer@ased and touched the negative collective bar, (b
positive plates were distorted; the positive terhiobviously became more higher than the negative
terminal; battery was destroyed after explosiorufse: EDF).

VRLA batteries under float charges, along with thygid design and their characteristic of the
oxygen recombination, seriously suffer the corrogitonsequences. Usually, 4% grid growth
over the battery lifetime is the design limit. Inrost VRLA batteries, the grid sections are
smaller; grid growth rates thus should be highdrer€ is some evidence that designs with
absorbed and limited amounts of electrolyte are tekerant to growth and, therefore, suffer
greater capacity losses [78]. Moreover, in VRLAtbages, in order to lower the self-discharge
rate, Pb/Sb alloys are replaced by Pb/Ca alloygrevthe electric passivation of the positive
grid alloy, called the “antimony-free effect” oceuf77, 82]. In addition, the operation

potential of the positive electrode under floatrgeais higher in VRLA designs (cf. 4.1.2.1).

For instance, the potential of the positive eletdrcs likely to be 50 to 100 mV higher than in
a flooded battery [78]. Different publications hademonstrated that there is a zone of
positive polarization where the corrosion is minim(cf. 4.2.1.2). According to Brecht et al.

[83], the corrosion rate is minimum when the pesitpolarization is between 30 and 70 mV
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and increases to almost double at 150 mV. Therefbeeincrease of the grid growth due to
corrosion is further encouraged in VRLA batteriesler float charges.

Figure 89: Corroded positive plate of a starter
battery, at the end of 5 years of service life in a
passenger car [47].

4.1.3.2 Water loss

Water electrolysis, i.e. evolutions of hydrogentlasd negative electrode and oxygen at the
positive electrode, as well as positive grid caonscause water loss of the electrolyte (cf.
1.3.3). In VRLA batteries, despite of the recombima of oxygen at the negative electrode,
water loss always occurs. This is due to the eimiudf hydrogen, which cannot be re-

oxidized to water at the positive electrode, asta#ot at significant rates. Other causes of
water loss such as container leakages, water eatamor which are not mentioned in this

thesis, aggravate the situation.

Dry-out

Water loss is not a problem as long as the elgggdével can be refilled like in the case of
flooded batteries. However, in the cases where te@@mce intervals are not being properly
respected or float charge rates are too high, wassrcan reduce the capacity of the battery
and finally limit the battery lifetime. Water logsduces a higher acid concentration, which
results in an increase of the electrode equilibripmtentials. This means that oxygen and
hydrogen overvoltages at open-circuit increase whead to the growth of gas evolutions or
of self-discharge rates. This would require anaase of float currents and of charge currents.
If this demand is ignored, an insufficient statecbfrge and sulfation of plates can occur. If
the electrolyte level is below the plate edges pine of the plates above the acid level cannot
be charged properly and this part of the plate$ thén undergo sulfation as well [47]. A
dangerous case can happen when there is shoritgirca non-electrolyte area; ignition of
hydrogen can take place and provoke explosiorF(gtire 88).

In the case of VRLA batteries, as water cannotdffled, water loss can become a serious
problem, especially at high temperatures or exeed#pat voltages. Electrolyte “dry-out” is
often observed. Apart of the increase of gas ewmiatas mentioned above, the electrolyte
decrease leads also to a decrease in the contradtseparator, when the electrolyte content
is under 90 % [71]. As separators in actual baseinitially retain about 95% of the
electrolyte, separators shrinkage is not appreeiabhis shrinkage can bring later to poor
contacts between the plates and the separatoreasing the internal resistance. The increase
of acid concentration due to water loss can indalse an increase of oxygen recombination
efficiency [49]. This chemical reaction of oxygesduction is a strong heat source. Oxygen
evolution is higher with the increase of acid concation. Excessive recombination
efficiency can increase dramatically the tempegatirthe battery and can lead to a so-called
thermal runaway.
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Thermal runaway

Thermal runaway is a current phenomenon observedRAtA batteries [1, 84-87]. It is
defined as an unstable state of operation wheredeggeration increases faster than heat can
dissipate [1]. It is also described as the increstseharge or float current that occurs as a
result of increase in cell temperature from iniagg@iplied constant potential. In other words,
thermal runaway is usually considered to be thelred positive feedback of current and
temperature when a cell is placed on float chatgsoastant potential [86]. The initial float
current flowing through the cell causes an increasell temperature that causes an increase
in current that further increases the temperatuat@ both current and temperature reach high
values.

Two main source of heat during charging are thengble heat effect of the cell reactions
and the Joule heating caused by the charge cuifaetinternal oxygen cycle represents a
special form of Joule heating, it is a strong fssatrce (cf. 1.5.6).

The important parameters that mainly influenceitibernal oxygen cycle are the applied float
voltage, the ambient temperature and the sepadayeout or the electrolyte saturation level
in the separator pore volume. High floating voltagad high temperatures induce more water
loss, which in turn reduces the electrolyte satomain the separator pore volume. The lower
the saturation is, the more favorable conditiontifierinternal oxygen cycle to take place.

According to J. Hu et al. [87], when the saturai®iow, there is more gas space in the AGM
separator for oxygen generated from the positiaegl to transport to the negative plates,
where the oxygen recombination occurs. Oxygen rsalushifts the potential of the negative
electrode to a less negative value. Since the egppidltage was unchanged, the potential of
the positive electrode shifts more positively, whia turn leads to the generation of more
oxygen on the positive plates. So the floating entrresponse becomes increasingly high.
The thermal runaway occurs. In fact, the increasecent at a constant float voltage is mainly
used for oxygen evolution on the positive plated e oxidation of Pb by £bn the negative
plates to produce PbQQf. reaction of self-discharge by, @duction).

According to B. Culpin [86], at high saturationxygen transport by the pressure-assisted
route gives good recombination efficiencies of tinder of 95 + 97%, but only at low float
currents. At low saturations oxygen transport isintya by pure diffusion and the
recombination efficiency is high even at high catreThis high recombination current
generates much more heat than when gassing owsgeoticcurs and thermal runway takes
place.

These same authors shown that the battery is otrdfol and thermal runaway occurs at a
specific saturation of the separator around 80 %8&ven at low applied float voltages.

B. Culpin resumed the thermal runaway procedutariee stages:

» Stage 1: recombination efficiency is low, watersles high, temperature and current
rise slowly due to the small and slowly increasimgernal resistance and low
recombination efficiency.

» Stage 2: the recombination efficiency, even at highrents is high because of the
change in oxygen transport mechanism through thmarator. Heat generation
increases rapidly because of a combination of aswd recombination rate and
increased internal resistance of the separator.
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- Stage 3: the current rapidly decreases to zero eesswdt of the rapid increase in
separator resistance. In fact, the internal resigtaincreases rapidly when the
saturation is below 80 %, e.g. at 40% saturatienséfparator has a resistance 30 times
of that in a fully saturated state.

J. Hu et al. presented some consequences whenahemmaway occurs:

* The very high temperature and violent oxygen evatuaiccelerated the corrosion of
the positive grid.

* The negative active material after thermal runaway lost its dendrite lead structure
and is composed of sand-like poorly crystallizedS@b particles. After thermal
runaway, the contact between the positive activeen@ particles are very poor and
many big PbS@crystals remain even though the battery tempezatas risen to a
very high value and the charge current has exceé&8ed. Apparently the violent
oxygen evolution caused many PhSE@ystals to loose conductivity so that they
become inactive. The resistance of both positivé regative plates increases about
20 times.

4.2 NEW METHOD OF MAINTAINING THE CHARGE - LOW CURRNT METHOD

4.2.1 New method of maintaining the charge

The new method of maintaining the charge using tmmrents and periodical charges was
invented by J. Alzieu and G. Dillenseger in 2008][8t was tested on Pb-Ca SLI motor car
batteries and presented in detail on the PhD tleégis Dillenseger [6]. The following work
continues to study this new method and its effectddferent kinds of lead acid batteries
including SLI heavy truck batteries with antimonydgalloys, SLI car batteries antimony free
and AGM VRLA batteries.

4.2.1.1 Heritage of intermittent charges

In order to limit the overcharge problem, instedd@antinuous charge, periodic charges (ON
phases) are applied and the rest of the time ttteripas kept on open circuit or open-circuit
voltage (OFF phases) [89]. This is called interemttfloating or charge. This method is
executed based on the principle that a battery pem-ircuit for a given time (from some
seconds to some weeks) looses a part of its cgpaditich can be restored by a charge.

Table 10: Bibliography summary of characteristi¢srtermittent charges for VRLA batteries [6].

CharacteristicGun et al. [93] Reid, Glasa [89] Yuasa [94 Giexg| [ Rossinot et al.
[90]
Phase OFF Open-circuit 2.17V/cell Open-circuit | 2.15V/cell Open-circuit
Duration ~15s - ~ 2 months | 108 h ~ 1100 s
Fin condition | End-voltage - End-voltage | - End-voltage
2.125 V/cell 2.16V/cell
Phase ON Constant current Constant voltageg 12 Ah Constant voltage | Constant current
2.375 V/cell charged 2.25V/cell 23.8 mA/Ah
Fin condition |- - - End-voltage
2.34V/cell
a = duration 0.0625 0.5 ~0.1to0 0.03| 0.357 0.0054
ON/(ON +OFF)
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Different researches have shown positive resultggirmittent charge vs. floating charge
concerning reduced average overcharge [90, 9ljeased efficiency of charge phases [90]
and reduced thermal runaway in VRLA batteries [32pwever, if the intermittent charge
parameters (threshold voltages, charge voltageuoemt, duration of ON phases and OFF
phases...) are not optimized, the risk of under ahaggpecially under charge of the negative
electrode of VRLA batteries is frequent [91]. Impirtg intermittent charge parameters is still
an open subject of research.

4.2.1.2 Benefit of corrosion minimum

Different publications about positive electroderosion have demonstrated that there is a
potential zone where corrosion is at a minimum {&ble 11). This minimum would be at
positive polarizationsn@) between zero (at open-circuit) and polarizatiahgloat charges
(n+ = 100 mV). According to Brecht et al. [95] this mimum zone is situated in the range of
[30;70] mV. This also shows that neither open-dtrom intermittent charges nor overcharge
by traditional float charges can place the positelectrode potential in the minimum
corrosion zone.

Table 11: Bibliography summary of positive polatiaa (y+) associated to a corrosion minimum [6].

Reference Analysis type Minimum span (mY) min (mV)
Lander 1956 [96] | Grid without active material, feaurs | 30<'<200 “flat”
Ruetschi 1964 [97] Grid without active materialvfaours |100<n'<250 180
E/E\;/!Llilhnganz 1968 Service life (accelerated), some years 50<100 No defined
E?Cg;] et al. 198 Grid growth (accelerated), some years 30<70 40

Berndt 1996 [61] | Review of literature 402<80 60
Ruetschi 2004 [47] Review of literature 2§%<80 60

4.2.1.3 Principle of the new maintaining charge moeit

Taking into account this minimum corrosion zongeav method for maintaining the charge

of standby lead acid batteries, callsalv-currentmethod, has been developed at EDF [6, 88,
98]. This method is derived from the intermittehtige: open-circuit periods are replaced by
constant low current periods. These constant ctgrewhose values are smaller than

traditional float currents, are intended to compémsat least partially, self-discharge currents,
and preferably place the battery in the minimunragion zone.

The choice of piloting the current instead of tlodtage to supply low positive polarizations
relates to the fact that maintaining a voltage wativalue very close to the battery open
voltage is difficult and can accidentally dischatbe battery [92]. Moreover, the scattering
phenomenon when a voltage is applied to the batt@mgisting of cells in series configuration
is unavoidable. Monitoring the voltage share focheaell is difficult and expensive while
applying a current ensures that every cell receavgiven current value.

Although these low currents alone are not supptsedaintain the full state of charge, they
can compensate most of the self-discharge. They ¢nable the intervals between recharge
phases to be considerably extended so that waseedoand corrosion associated to these
charges would be reduced.
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Expected results are: (i) a slow down of the coomsate of positive grids, (ii) a reduction of
the need of periodical charges.

Minimum
Corrosion
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Figure 90: Low-current method is derived from imtétent charge: open circuit periods are replaced
by low currents, whose values are smaller thantftnarent (200 to 50@A). Battery should be in the
minimum corrosion zone.

(

A
T2

e o b

._:S periodical Figure 91: Principe of new charge strategy using
charging low-current and periodical charges

E

low current
L~ maintaining

lowsine _ _ / L_traditional
/ floating current
=

» 1

4.2.2 Experimental

In backup applications, maintaining the chargetafi@nary batteries is an opposite situation
from the accelerated charges studied in chaptert@rims of very week charge regimes. This
leads to a comparable problematic of main and idetions monitoring, which differs from
a traditional situation. In fact, in very weak charregimes, faraday efficiency deteriorates,
meaning that the proper charge and secondary oeadiake place jointly. It should be noted
also that charge voltages lead to increased ratEd@reactions.

This drives us to the following questions:

* At a given ambient temperature and given battehgtus the rate of self-discharge?

* At the same ambient condition and the same batb&yond which current value, the
self-discharge is compensated? This is clear Hiatcurrent is not only equal but has
to exceed self-discharge current.

* At this current, how does positive grid corrosi@have?
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The answers obtained will serve to determine tharpaters of the new low current method:
regimes and durations of low current phases anddgieal charge phases.

Laboratory experiments aim to evaluate the statehafge of batteries subjected (1) to open
circuit, (2) to float charges and (3) to polaripa whose values are intermediate between
zero and float polarizations, i.e. low current ¢es. Several current values below float
currents have been tested.

Two methods to evaluate the battery state of charge used to clarify this question:

« Measurement of lead sulfate content in the battetywve materials by a chemical
titration. This procedure requires the destructbthe battery
e Battery capacity measurement by discharge test.

In order to compare these two methods, evolutidriseolead sulfate content as well as of the
capacity will be converted to current. At open gitcincreases of sulfate content and losses
of capacity correspond to self-discharge currents.

We started different experiments with antimony-freented SLI batteries, Exide
LO1033C24A, 40 Ah-12V. During the experiments, @tyameasurement results of these
batteries shown a high degree of dispersion, whiehattributed to the fact that they are not
suitable for repetitive charge-discharge cycles.tiém continued these experiments with two
other types of more robust batteries: heavy truckf®oded lead-acid batteries, Exide 110
Ah/12 V D02075W01-A, low antimony grid alloys anchétSys 400 Ah/2 V VRLA AGM
batteries.

Low currents were applied using METRIX power sugplAX 502 2.5A — 30 V. As their
accuracy does not allow a fine control of curreagdow as a few mA, these power supplies
were used as voltage regulators and the low cuwrgate set using resistors in series.

Positive polarizations were evaluated using a bxad battery reference electrode, which was
first charged and then stabilized at open cirduiturrent path between the tested cell and the
reference electrode was provided by a tube filleth wmmobilized electrolyte (cf. 3.2.3,
Figure 58).

The discharge-charge cycles were performed withREIDE Battery Charge and Test
System, Module Type LCN 100A — 5V.

Voltages, currents, positive polarizations and terajures were recorded with Personal Daq
56'™ USB Acquisition Systems.

4.2.2.1 Lead sulfate content measurement [6]

Batteries used for lead sulfate measurements weh@@ny-free vented SLI batteries, Exide
LO1033C24A, 40 Ah-12V. The plates were pulled duthe batteries and rinsed with distilled
water for one week before picking up active mateseanples. Lead sulfate contents on the
later samples were measured chemically: the sugeeksmation of complexes is achieved
using nitric acid, acetic acid, xylenol orange ditdplex Il (EDTA). The last complex is
reached using a titrated solution of EDTA. The [finage of this reaction induces a color
change: violet to yellow. Sulfate content was clt®d from the sample mass and the
quantity of EDTA used.
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1. Open circuit

In order to estimate the rate of self-discharge,measured the lead sulfate content of the
batteries 40Ah/12V, which were in open circuit ftifferent durations: 5, 9.5, 20.5, 21.5

months at ambient temperatures; 177 days at 604Cwvie considered to be equivalent to
2838 days at 20°C according to the Arrhenius lavedkeration factor 2= 16).

2. Low-current compared to open circuit

Four batteries were subjected first to open cirduring 231 days, then to low currents of 25,
50, 100 and 20@A/Ah during 356 days at room temperatures (23 *)4aad were finally
opened to analyze their lead sulfate content.

4.2.2.2 Capacity measurement by discharge test

Before beginning the experiments, we had a prehnyirremark that the measurements of
self-discharge, even after several months at opeuit; represent only a weak portion of the
capacity, e.g. about 10%. The expected resultsecandifferences between reduced rates of
self-discharge. These results were supposed to fesvgercent of the nominal capacity,
which is less than the natural dispersion we gdiyeshserve in capacity measurements (e.g.
between several batteries taken at random frorsahee lot of fabrication).

Two methods ara priori possible:

e Testing with a big enough number of batteries ttambprecise and meaningful
statistical averages. We haven't chosen this metieesduse the number of batteries
required is too big for our test facilities.

» Comparing the capacity results of every singledmgtsubjected to n months of self-
discharge or floating or low-currents to its owmpaeity measured after a full charge.
This is the chosen method.

Tests of discharge with the limit-stop-dischargéage at minus 2 V/cell, which provoke the
polarity inversion of the cell, were used for fl@adbatteries 110 Ah/12 V to determine the
capacity of both negative and positive electrodesmgi reference electrodes (cf. 3.6).
Although such a deep discharge is detrimental éad|acid batteries, it was decided to
proceed because only some tests were necessamhefowhole experimentThe battery
capacity was taken as an average of six positeetreldes, whose discharge was measured
individually. The test of discharge with polarityersion was operated one time on a VRLA
battery to determine the limit-capacity electrodibe other tests were executed at the limit-
stop-discharge voltage at 1.8 V/cell.

1.Exide 110Ah/12V, SLI heavy truck batteries, 1.6%6S

As presented in 3.6.1, these batteries were stogkeden-circuit for one year or more before
subjecting to our tests. In order to estimate thiéal state of charge, batteries were
discharged at 18 A. A “full” IUi charge of one weak 11A (C/10) and 13.6V followed by
one week at 0.55A (C/200) without voltage restoictwvere executed to reestablish a good
state of charge. The same discharge-charge wasrped before these batteries were
subjected to low currents, float charge and opssuiti We called “first reference capacities”
the capacities we measured during this cycle. Ateronths under this service, the batteries
were discharged at the same rate (18A), and thenwiere recharged and discharged (second
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reference capacities) again one more time. Allhafsé experiments were done at ambient
temperatures.

2. EnerSys 400 Ah/2 V, AGM VRLA batteries, new

These batteries were self-discharged at open-tidcuwing two months before testing. Fifteen
discharge-charge cycles were executed in ordetatnlize the battery capacity. A refresh
charge at 2.27 V during one week followed by a lthsge test at C/10 (reference capacity),
then a charge Ui (C/10 — 2.4 V during 5 hours 8@Cduring 2 hours) and another charge at
2.27 V during one week were operated before theeti@s were subjected to service at 46°C:
open circuit, low-current and float charges. Atbele month, the batteries were discharged to
determine their final capacities. These experimemi® repeated one more time at 50°C.

3. EnerSys 400 Ah/2 V, AGM VRLA batteries, old

These batteries were taken from the field and oepleby new ones after six-year service,
which corresponds to their mid-life (they are dasud to last twelve years or more). These
batteries were first subjectted to fifteen discleacbarge cycles in order to stabilize their
capacities. The last capacity obtained is the egfe® capacity. They were then subjected to
tests at room temperatures (18 + 3°C): open cirtant-currents of 29 and 10pA/Ah and
float charge at 2.27V (current response is g4AdAh). After six months, these batteries were
discharged with the same rate (C/10) to deterntie# final capacities.

4.2.3 Sulfate content measurement — results & disssion

4.2.3.1 Lead sulfate content at open-circuit

The level of lead sulfate of batteries at openuiirat ambient temperature and at 40°C and
60°C in equivalent days at 20°C is presented inRigere 92. Equivalence is based on the
Arrhenius law, i.e. kinetic reaction doubled ev&fyCelsius degree.

B NEGATIVE accelerated & brought to 20°C
ONEGATIVE ambient 23°C

80 4 W POSITIVE accelerated & brought to 20°C
OPQOSITIVE ambient 23°C

100 —

80+

70+

604

50
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Level of pbso,

30+

20 +

0 500 1000 1500 2000 2500 3000
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Figure 92: Lead sulfate levels (% mass) of fourtdrés at open circuit at ambient temperature (23 +
3°C). Level of lead sulfate in equivalent days @tQ of four batteries at open circuit in a thermal
enclosure (40°C and 60°C) [6].

We have some remarks on the sulfate level resotieruopen circuit in Figure 92:

* A significant difference is observed between pwusitand negative electrode self-
discharge kinetics.
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e Sulfation at the positive plate maintained at 4@i@ 60°C matches up well, when
using the Arrhenius law, with the sulfation at aerttitemperature, but it is not the
case of the negative plate. In this case, the tsuifas less rapid at high temperature
than what is predicted from ambient by the Arrheraw.

The results illustrated in the Figure 92 show thié¢r 231 days at open circuit the level of
PbSQ are about 16% and 30% at the negative and positeatrodes respectively. After 600
days, they are 21% at the negative electrode a¥dat3he positive electrode.

4.2.3.2 Lead sulfate content at low currents

Table 12: After 231 days at open circuit, four leatts were subjected to low-currents during 356
days at room temperatures 23 + 4°C. Contents ofl Isalfate were measured at the negative active
material (NAM) and the positive active material (RA Active material samples were taken from the
middle of the negative and positive plates.

. Obtained Calculated PbSQ content

, , Applied PbSQ content | PbSQcontent | variation during

Executed service during 356 days | Current (% mass) (% mol) service (% mol)
(WAJAR) NAM [PAM [NAM |PAM |NAM |PAM

Initial state(231 days at open circuit) - 16 30 115 24.4 - -
Self-dischargéOpen-circuit) 0 21 45 15.4 37.3 3.9 12.9
Low current 25 16.8 24.0 12.1 19.4] 0.6 -5
Low current 50 11.5 19.1 8.1 154| -34 -9
Low current 100 1.9 8.6 1.3 6.8 -10.4 -17.6
Low current 200 14 4.8 1 3.8 -10.5  -20.4

Table 12 gives the results of PbS€dntents at initial state (after 231 days on ogietuit),
and PbSQ@ final contents (after 356 more days at open-cirand at constant low currents
varying from 25 to 20@A/Ah). Sulfate content variations during 356 days the difference
between final and initial sulfate contents.

From the % of mass obtained of PhS€dntents, the % of mol of Pb$®@ontents can be
calculated as follows.

At the negative electrode we have:

st A s
so:

PSQCMo) = 5 sa@ - :éfg (gf:ig:g?gg @+ Pb(g)] o
Calculating the same way at the positive electrode:

PbSQy(%mo) = PbSQ, (%mas$ x PbO, (g) (67)

PbSQ, (g) - PbSQ, (%mas3 x[PbSQ, (g) + PbO, (g)]

From the variations of sulfate content and the tilobmaof the experiments, currents
equivalents can be calculated using the first Faradlaw (cf. 1.5.2.3), they are called
Effective current
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Effective current:l g = PbSQconten{%mol) x%x%: (68)

According to the manufacturer Exide, the massexctife materials of LO1033C24A, 40 Ah-
12V battery are 365¢g of Ph@nd 300g of Pb.

The Effective current at open circuitfl.l) is the self-discharge currentgischarge) It will
be presented with a negative value in Table 1&heabattery is discharging.

0 _
IEffect - |se|fdischarge (69)

Applying Eg. (68) to the battery at open circuite Wwave the self-discharge current of the
negative electrodedt...) and of the positive electrodefl.C"):

- 300 2x96500
IEf'fect0 = lselfdiscrarge = 0039)(% xm =0.00035A =9 pA/Ah

o+ 365>< 2x96500

= |selfdisc}"arge =0.129x 23¢ m

| et =0.0012 A =30 pA/Ah

Current Balance is the result theoretically expgeten applying a current to the battery. So
it is the subtraction of the applied low currentldhe self-discharge current at open-circuit.

Current Balance[Balance: IApplied - Iselfdis.charge (70)

Table 13: Equivalent currents obtained from theiaons of sulfate level and the duration of the
experiments. Calculated current balances and sigdetion rates.

) . Calculated Calculated rate

Applied Eﬁr?gg\t/? Current of side reactions
Executed service during 356 days Current UA/ h Effect | Balance lgajance | | side-reac

| ropea | (WAVAD (hA/A) (hAJAN)

(wA/AR) NAM |PAM |NAM |PAM |NAM [PAM
Initial state(231 days at open circuit) |- - - - - - -
Self-discharg€Open-circuit) 0 -9 -30 -9 -30 -9 -30
Low current 25 -1.4 12 16 -5 -26.4 -13
idem 50 8 22 41 20 -42 -28
idem 100 23 42.6 91 70 =77 -57.4
idem 200 24 50 191 170 -176 -150

Side reactions are always present inside the lemdcall at open circuit as well as under low
currents. At open circuit, the side reaction ragethe self-discharge current. Under low
currents, side reaction rates can be calculatedutyracting the effective currents to the
applied current.

Side reaction rate under low CurrentSic eac= ! erectve = ! Appic (71)

In Figure 93, Effective Currents (EC) are compatedCurrent Balances (CB) and Side
Reaction Rates (SRR) for negative and positiveeplat
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Figure 93: Equivalent currents calculated from thaiations of sulfate levels vs. applied currer{ts:
negative plates, (b) positive plates. Current ba®fCB) is the sum of the self-discharge currents a
the applied low currents. Effective current (EC)the equivalent currents corresponding to sulfate
content variations. Side reaction rate is the sabtion of the effective current and the applied
currents.

At open-circuit in Figure 93, variations of sulfatentent in mole percent are +3.9% for the
NAM and +12.9% for the PAM [98]. One can calculftan these sulfate content variations
the self-discharge currents during 356 days ofetkgeriment: -QA/Ah and -30uA/Ah for

the negative and positive electrodes respectivEhe self-discharge rate of the positive
electrode is more than three times faster thaselfedischarge rate of the negative electrode.

The lowest tested current, aB/Ah, induces a drastic change in the sulfate auneeolution
inside the active materials. The sulfate conterthen NAM remains almost constant (0.6 %
increase) while the sulfate content in the PAM dases by 5%. So, the positive plate
behaves worse than the negative plate at openicbratiit has a better behavior as soon as
the battery receives the lowest applied current.

a. Negative plates

Figure 93 (a) shows the calculated current balaandshe effective resulting currents for the
negative plates.

According to the lead sulfate content variatioaA/Ah, the effective current for NAM is
-1.4 uyA/Ah. This negative value means that the low curi@mpensates only partially the
self-discharge. The current balance ap2%Ah is: 25 - 9 = 16A/Ah.

The difference between the current balance andetfeetive current can be associated to
losses of the applied current. Another explanationld be an increase of the secondary
reactions involved in the self-discharge procesdeurthe polarization resulting from the
applied current. These two hypotheses are in fecsame as secondary reactions involved in
the self-discharge process and loss reactions glgharging are identical: mainly hydrogen
evolution and some oxygen recombination.

b. Positive plates
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Figure 93 (b) shows the calculated current balanoésthe effective resulting currents for the
positive plates.

A surprising result is observed for the pB/Ah applied current. The effective current
(12uA/Ah), is higher than the calculated current ba&ad nA/Ah). Of course, one cannot

have an efficiency that is higher than 100%. The lkurrent effect is then not only a

compensation of the self-discharge process, bubdifivation and/or a rate reduction of the
secondary reactions involved in this process. ldde@e observes a minimum of the side
reaction rate at 2pA/Ah (cf. Figure 93).

Secondary reactions at the positive electrode tegeokygen evolution and the positive grid
corrosion.

Oxygen evolution takes place at open-circuit, chagd discharge potentials. This reaction is
known to increase its rate with positive polariaati so it cannot be the reason of the
reduction of the self-discharge process observéedisncase.

On the contrary, corrosion can slow down undertp@sipolarization. This phenomenon is
well known in the field of corrosion of metals asodic protection, or more generally as
corrosion passivation.

In the case of lead acid batteries, it is also wetiwn that corrosion reactions are different at
open-circuit and during charging. More exactly, rosron reactions of the positive grid
consist of two steps:

Pb+0?% - PbO+ 2~ Reaction 15

PbO+0?" - PbO, + 2~ Reaction 17

In which, G ions are brought by migration from the active miater

Only the first step (Reaction 15) operates at ogesuit while these both steps occur during
charging.

Indeed, at open-circuit, divalent lead tBhs the stable state for lead. Only the first stép
the corrosion reaction occurs but not the secorf &Reaction 17) in which Pbwould
oxidize into PB"), because Pb is not the thermodynamically stable state for lé@d the
contrary, as at open-circuit the two electrons ea&ion 15 cannot be evacuated by the
external circuit, they are used by reduction of'Ribto P5* in the discharge reaction of the
positive active material:

PbO, +H,SO, +2H" + 2~ _ PbSQ, +2H,0 Reaction 28

The combination of Reaction 15 and Reaction 28est
PbG, + Pb+H,SO, - PbSQ, + PbO+H,0 Reaction 27

When PbO is not protected with a dense Pla@er, it reacts chemically with sulfuric acid to
form PbSQ as follows:

135



CHAPTER 4 — NEW METHOD OF MAINTAINING THE CHARGE OF STATIONARY LEAD ACID BATTERIES

PbO+H,SO, - PbSQ, +H,0 Reaction 30

The overall corrosion reaction at open-circuitsrt:

PbO, + Pb+2H,S0, — 2PbSQ, +2H,0 Reaction 29

When this reaction occurs, usually in prolongedmegiecuit conditions, positive grids are no
more protected. Indeed, the formation of lead s$milfen the corrosion layers leads to
mechanical stress, causing the formation of cracksthe destruction of the protective layer.

During charging (under low currents), Reaction 4Kes place. Under positive polarization,

PB** (in PbQ) is indeed the stable species of lead. P@duced in Reaction 17 is formed in

the outer part of the corrosion layer. As it is skgnissued from the dense inner layer, and
stable in sulfuric acid solution, it takes the roteprotecting the PbO inner layer and the
positive grid from the electrolyte [1, 47, 79].

Under positive polarization, grid corrosion, whishpart of the self-discharge process of the
positive electrode, is then slowed down by the fairan of a protective layer of dense RbO
Therefore, for the positive electrode, this canthe reason why the effective current is
sensibly higher than the calculated current balaasdong as corrosion is important part of
the positive self-discharge process. Benefit ofiFAh low current is then triple:

(i) Compensation of the self-discharge:

For intermittent charge, in the prospect of replgcopen-circuit periods by low current
periods, it is obvious that periodical charges wowb longer be necessary or at least would
be required less frequently.

(i) Slowing down of the corrosion rate:

As evoked previously, several authors indicate mimmim corrosion zone. This minimum is
generally situated at positive polarizations in (B@ 80] mV range. Indeed, at 23/Ah, the
strong effect observed can be attributed to an rtapbreduction of the corrosion rate. But in
this case the positive polarization is in the omfe?2 mV (cf. Figure 94), much lower than the
preceding published values. It must be noticed dhatresults, obtained from long duration
tests (over 19 months) at room temperatures, diften these published results, generally
obtained at accelerated conditions.

(i)  Reduction of water consumption:

It concerns water involved in corrosion reactidnsthese reactions, the oxygen is taken from
the positive active material. In turn, the activatenial takes oxygen from water of the
electrolyte. The oxygen, finally locked in the amsion product layers, cannot be recombined
to reform water. So, the decrease of water consomplue to corrosion is important for the
battery life span.
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Figure 94: Positive polarizations and battery v@é&s vs. currents. Imposed low currents: 26, 48, 100
and 178:A/Ah. Tested battery: flooded flat-plate 140 Ahy12

4.2.4 Capacity measurement — results & discussion

4.2.4.1 Exide 110 Ah/12 V, SLI heavy truck batserle6%Sb grid alloys

Figure 95 shows the potential of the negative aositpe electrodes versus the reference
electrode and the voltage of the pseudo cell congisf these two electrodes. It is clear that
the negative electrode finishes the discharge ééorb the positive electrode. This confirms
that the negative electrode has a smaller statharige, which could be the result of a higher
rate of self-discharge, and it was the limit-capaelectrode of the cell (cf. 3.6).
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Figure 95: Profiles of voltages between the negatilectrode of the®icell (negative terminal)/ the
positive electrode of thé"&ell (positive terminal) and the reference eleds; and of the voltage of
the pseudo cell consisting of these two electradesg a test of discharge with polarity inversioh
the battery B104 after six months at open circuit.

The principle results of negative and positive &tae capacities are presented in the table
below.
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Tablel4: Capacity of the SLI flooded batteries X012 V, which were at open circuit or subjected to
low-current during six months as well as their ceitias before (I reference) and after {2
reference) this service.

Reference capacity (Ah) i i Final Capacity (Ah)
. Applied current during
Batteries |15t ond months (A/Ah) ] N
Negative |Positive |Negative |Positive Negative | Positive
101 87.2 108.6 84.2 102.3 (at 13.6V) ~ 364 92.7| 1481
102 97.9 106.5 86.0 111.8 100 53.0 118.1
103 94.9 106.0 81.6 107.5 25 58.6 118.4
104 98.8 112.3 85.3 103.8 0 46.1 100.4

Figure 96 shows the relative difference betweenfithe capacity of negative and positive
electrodes after 6 months under service and tis¢ dind second reference capacities. For
instance, the battery B104 looses (100.4 - 11208)AL= -10.6% of its positive capacity after
6 months of self-discharge relating to its firsterence capacity; and the battery B103
positive capacity increases by (118.4 - 107.5)A06¥+10.1% after 6 months at 28/Ah
relating to its second reference capacity.
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Figure 96: Relative differencesAC) between the final capacity of (a) the negatilexteode and (b)
the positive electrode of the SLI flooded batte(igg), measured after 6 months during which they
were at open circuit or subjected to low-current amnbient temperature, and their reference

capacities (G, measured after a “full charge” before service™(feference) and after service"{2
reference).

It is clear to observe the capacity evolutionsta batteries with antimony grid alloys from
the Figure 96 that:

» The self-discharge rate of the negative electrgdiari higher than the self-discharge
rate of the positive electrodes. For B104 at opssuit for 6 months the positive lost
about 5% its capacity while it is in the order @%b for the negative electrode, 10
times greater.

* For the batteries subjected to low-currents, B1A@ B103 at 100 and 2pA/Ah
respectively, the state of charge of the positieeteodes is well maintained, even
improved as soon as the lowest current is appliedewt is not the case of the
negative electrodes. They loose about 30 to 45% tapacities. Low-currents thus
are not sufficient to compensate the self-dischafgeegative electrodes of batteries
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with antimony grid alloys.

* For the battery subjected to float charge at 2.&&Nwith the equivalent float current
of 364 pA/Ah, the state of charge of both negative and tp@sielectrodes is well
maintained.

* At the positive electrode, a surprising maximum egpp at the low current of 25
pA/Ah.,

* The reference line (0%) is not where it is expected above the experimental results.

The reference line (0%) situated under the expeariaigesults can be explained by the fact
that the batteries were not in a full state of gkabefore the discharge test to determine
reference capacity. The reference capacity is sgipdo be the maximum capacity the
battery would able to discharge after a full chaigt what is a full charge? We all know that
absolute full charge of a lead acid battery dodserist (cf. 2.1.4.1). It is an asymptotic state.
What we generally call a full charge is in fact tiesult of a compromise between the search
of a high state of charge and the time we can smendhis operation. In practice it is
considered that the end of charge is reached, wihere is no charge current or voltage
evolution during at least two hours. Our chargsgeld far more than these two hours. Our full
charge procedure for SLI heavy truck batterieethsivo weeks: one week at C/10 limited by
13.6 V followed by one week at C/200 without vobagestriction. Density and voltage
measurements shown stable values for the last ofagharge. Despite all these cares, we
must consider that our full charge procedures wetesufficient to reach states of charge as
high as after a few months of float charges or dgencurrent charges (cf Figure 97).
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Figure 97: Discharge voltage profiles of B103 afteirteen months of self-discharge (blue), after a
one week at 13.6 V charge (black), after two wegks 13.6 V + C/200 charge (green) and after six
months at 25A/Ah (red)(cf. 3.6). After six months at 268A/Ah, the negative electrode looses
45% of its capacity while the positive electrodeaty gains 11.7% (cflable19.

From the capacity variation and the test duratws,can calculate the effective current. The
currents balances and the side reaction ratesadcalated as the same way in the section
4.2.3.2. These equivalent currents of the positieetrode are present in Figure 98. One can
find here the same phenomenon observed alreadyeimeasurement of sulfate levels: the
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side reaction rate; i.e. the corrosion rate, hdsaged and reached a minimum, when the low
current of 25uA/Ah is applied on the battery.
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Figure 98: Equivalent currents calculated from thapacity variations and the test duration (6
months) vs. applied currents for the positive et (a) capacity evaluation calculated from thé 1
reference capacity, (b) capacity evaluation caltedbfrom the %' reference capacity.

4.2.4.2 EnerSys 400 Ah/2V VRLA AGM batteries, new

The test of discharge with polarity inversion shotkat in this lot of VRLA batteries the
capacity of the positive electrode was smaller than capacity of the negative electrode.
Thus it was the positive electrode that limited ¢tapacity of the cell. Results shown here are
positive electrode capacities.

Tablel5: Capacity of the VRLA batteries beforegiefice capacity) and after being at open circuit or
subjected to low-current during 1 month at 46°C &®3C (final capacity). Current values at 46°C
and 50°C, equivalent current values at 20°C.

Batteries Reference |Applied current during |Equivalent current values at 20 Final Capacity
capacity (Ah)|month at 46°C((A/Ah) |according to Arrhenius lawi®&/Ah)  [(Ah)

B111 436 ~ 500 (at 2.2V) 74 437.8

B112 434 200 29.6 439.5

B113 432 50 7.4 412.7

B114 435 0 0 401.0

Batteries Reference |Applied current during |Equivalent current values at 20 Final Capacity
capacity (Ah)|months at 50°C (mA) |(Arrhenius law) (Ah)

B111 455.9 ~ 800 (at 2.22V) 100 461.0

B112 442.1 200 25 434.5

B113 460.7 100 12.5 449.8

B114 465.1 0 0 421

The low-current effect obtained with lead sulfatntents of antimony free batteries is
confirmed by the capacity evolution. A remarkabéeluction of the self-discharge rate is
observed as soon as a few mA current is provitledhe case of VRLA batteries, self-
discharge rate decreases in a quite homogeneousemamile increasing applied current
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values, and over 206A/Ah no more self-discharge is observed. Thisiieady observed in the
case of the positive electrode of the SLI batteraghe smallest current tested (2&/Ah).

No self-discharge is observed as it gives the lbaphacity result. We have to bear that
supplying continuously an anodic current can helpniintain or reestablish the protecting
lead oxide layer at the grid surface.
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Figure 99: Relative differenc&C) between the final capacities of the VRLA batte(,), measured
after one month during which they were at openuifror subjected to low-current at 46 and 50°C,
and their reference capacities {§ measured after a “full charge” before this sergicThe current
values are the equivalent values at 20°C accortingpe Arrhenius law.

In this case of VRLA batteries, “full charges” weskassical 1Ui charges, followed by one
week at a constant voltage: 2.27 V/cell. As densigasurement cannot be performed, we
could not verify if the density was stable. Curremasurements show stable values for the
last days of this charge procedure. But as merdi@move, our “full charge” procedures do
not really give full states of charge; the refeesfine (0%) was again observed slightly under
the experimental results.

4.2.4.3 EnerSys 400 Ah/ 2V AGM VRLA batteries, old

Table 16 gives the capacities of VRLA batteriesobefC..p) and after Cqn) Six months at
open-circuit, at low currents of 29 and 1Q&/Ah, and at 2.27V float charge. These
experiments were done at room temperatures (18C}. *he battery at open-circuit for six
months lost (264 - 327)/327 = -19.3 % of its cafpyacompared to its reference capacity; the
capacity of the battery subjected to 109Ah increased by (329 - 313)/329 = +5.1%.

Figure 100 (a) shows the capacity variations gi¥eneach battery in percent of their
reference capacities. These percentages are asiate of charge variations induced by the
applied currents during the 6 months of experimefit® capacity variations are converted to
the equivalent currents or as named above theteiecurrents. These effective currents are
presented as a function of the applied currenigaiié 100 (b). The currents balances and the
side reaction rates are calculated as the sameanntig section 4.2.3.2. At open-circuit, the
capacity reduction of 63Ah after six months alloeadculating the average self-discharge
current, which is 3@A/Ah.
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Table 16: Capacities of the VRLA batteries, whigravsubjected to open circuit, to 29 and 105
1AIAh low-currents and to 2.27 V float charge dursig months at room temperature (18 = 3°C) as
well as their reference capacities before this merv

Battery Reference Capaci|Applied Current during 6 months |Final Capacity &,|Capacity Variatiol
Ciet (Ah) room temperatures 18 + 3°@A/Ah)  |(Ah) (Ciin - Geep)! Cret (%)

B115 |340.0 ~ 414 (float charge at 2.27V) 379.0 11.8

B116 |313.0 105 329.0 5.1

B117 |318.0 29 308.0 -3.1

B118 |327.0 0 264.0 -19.3

The capacity variation has a strong increase ferltlwwest applied current (2@A/Ah). It
appears that this low current, whose value is 86f%e average self-discharge current (36
pnA/Ah), compensates 84 % of the self-discharge. Subigh efficiency (superior to 100%)
suggests that these VRLA batteries could be pesiiiwited at this mid-life state. Further
experiments confirmed that these batteries wereadgositive limited. Increases of the state
of charge at 10pA/Ah and at float charge (414A/Ah) indicate that the charge procedure we
used does not lead to a real full charge. Chargleeis completed slowly at currents beyond
50 pA/Ah.
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Figure 100: VRLA Batteries were tested during sbnths at room temperatures (18 * 3°C). (a)
Relative capacity variations (state of charge vadas) vs. applied currents. (b) Equivalent cursent
calculated from the variations of sulfate levelsagplied currents.

425 Conclusion

A new method of maintaining the charge for staniétgeries using low-currents and periodic
charges is proposed. The following conclusionsklmdrawn from the study presented on the
influence of low currents on reducing self-disclearg

* When accelerated by temperature, self-dischargetikinf positive electrode tends to
follow the Arrhenius law. Self-discharge kinetic mégative electrode appears to be
less accelerated by temperature than what is geetiy the Arrhenius law.

« In antimony-free lead acid batteries, the selffuigssge rate of the positive electrode is
higher than that of the negative electrode. Indaad batteries with antimony alloys,
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the self-discharge rate of the negative electr@seiveral times stronger than the
positive one.

* Low-currents beyond 2pA/Ah, about 10 times smaller than traditional fleatrents,
appear to be able to maintain good states of chimgéoth positive and negative
plates of a antimony-free lead acid batteries, avttie float charge (about 4Q@/Ah)
is seem to be necessary for maintaining the charfgéead-acid batteries with
antimony grid alloys, especially for negative psate

* The effect of 251A/Ah low current on the positive active materiahisich higher than
a simple compensation of the self-discharge buédugtion of the corrosion rate
which is, with the oxygen evolution, responsibletiod self-discharge at open circuit.
This can be explained by a passivation phenomehdtmegpositive grid corrosion. In
other words, it constitutes an anodic protectiothefpositive grid.

* The use of low-current periods in place of opentgtr periods in the intermittent
charge method should increase the life span of VRBA&eries, as it both lowers the
water consumption and the corrosion rate of pasiginds.

According to experiment results, we supposed tHanwombined with low currents in the
order of 25 to 5QuA/Ah, a refresh charge every six months or evenglsi year is sufficient

to maintain antimony-free batteries in a good stdteharge. Higher currents, as traditional
float currents (10 times higher), are not necesseny not suited, as they would increase
corrosion and water loss. We consider using askfoharge only when the battery has been
subjected to a discharge service.

4.3 NEW MANAGEMENT SYSTEM FOR ANTIMONY-FREE STANDBBATTERY

Valve regulated lead acid batteries - VRLA batteriehave been developed and used for
about thirty years in standby applications. Theyehshown several advantages compared to
flooded lead acid batteries: spill-proof, reduceeight, free from excessive gas evolution or
acid spillage, reduced maintenance and reduced Hostever, limitations have been also
observed concerning system reliability and batsenyice life.

Several reliability prediction methods have beeedusuch as complete discharge test [99],
open-circuit voltage measurement [46], conductatestéing [100], internal resistance and
impedance measurements [99, 101-105]. Among thibsecomplete discharge test is well
known as the most reliable one but it requiresisermterruption. This has driven EDF R&D
to develop theStationary Multibat system, which consists of a new design of the
electrochemical storage and an adapted electraatiery management system [106]. This
system, combining redundancy and automated pedbdmpacity measurements, increases
reliability and allows a real time monitoring ofetlbattery state of health. Redundancy not
only ensures the continuity of service in the cafa cell failure, but also enables complete
discharges to be periodically performed withouv®erinterruption.

Standby VRLA batteries maintained under a consthr@t voltage to compensate self-
discharge encounter the problem of short servieedig. about 3-4 years compared to the so-
called 20-year design and to the 20-year lifetiheamventional lead acid batteries in similar
conditions [107]. Indeed, VRLA batteries under flaharges are permanently overcharged
and different failure modes have been observed) ssccorrosion of positive grid alloys,
electrolyte dry-out and thermal runaway [1, 47,4®, 108].

A new management system for standby VRLA battdreesbeen developed at EDF using the
Stationary Multibat system [106] to ensure systeatmbility and the Low-current method
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[98] to improve the battery life span.

Figure 101 (a) describes a simplified schematigrdian of the Stationary Multibat system.
Three battery-pack strings in parallel instead ¢ @ack are used in order to improve the
system reliability. In case of a cell failure swehran open circuit, the system loses only one
battery-pack string, i.e. one-third of the totapaeity. This configuration also allows each
string to be discharged completely across theréss$tance to evaluate its real state of health.
Each battery string is periodically (e.g. everymianths) discharged and charged.

Figure 101 (b) describes how to integrate and &raip Low-current method of maintaining
the charge on the Stationary Multibat system:

* Avresistance branch is added to reduce the traditiboat current with a factor of 5 to
10. In standby state, Programmable Logic ContsIl{@1.C) K and K are open; the
battery is maintained at charge with a low curreatthe resistance R.

e On backup demand, a voltage drop appears on thé&u3Cthe battery immediately
provides electricity to the DC load via the diodeThen PLC K closes; DC load is
directly supplied by the battery.

* During the periodical discharge test (e.g. every mbnths) to evaluate the battery
state of heath, PLC Kcloses and Kstays open. The battery-pack string is discharged
across the test resistance. The low current,@sbtiided to the battery pack string, is a
parasitic but negligible effect (< 0.1%). Next, thkarge is operated via;KThe
charge current is controlled by a Pulse Wave Mdduia(PWM). When the charge
finishes, K re-opens, the battery is re-maintained the chartiea low current via R.

Battery Management System

_~ Test Resistance ™.

Charger / TVVVVVVVE .
. Discharge test

et DC loads
\ DC bus ‘] DC bus
String in test™._ » K D / K,
Battery \-—7
System 7 y
() (b)

Figure 101: (a) Simplified schematic diagram of t&mtionary Multibat system. (b) Zoom on the
power electronic components of one of the thretebapack strings using Low-current method.

All those operations are done sequentially and maatwally so that no intervention is
required from the maintenance.

This system is expected to fulfill three targets:

* Increasing the system reliability by a redundanctyhie design of the battery system
and by an assessment method to control battegsstaheath.
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* Improving battery life spans by the Low-current huet, leading to reduced corrosion
and water loss.

* Decreasing maintenance costs.
Combining the Low-current method, battery redungaacd automated periodical capacity

measurements, VRLA batteries should provide lofey dpans and high reliability. Several
management systems of this kind are being expetattgmnised at EDF.
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Conclusion of chapter 4

The self-discharge phenomenon caused by side oeactsuch as corrosion, water

decomposition and recombination is unavoidableead|acid batteries. Self-discharge rates
depend on several factors such as the state ajehtre temperature, grid alloys, etc. These
rates are not equal between negative and positecredes and are independent of each
other. In lead-acid batteries with antimony, thé-descharge rate of the negative electrode is
several times stronger than the self-dischargeafatiee positive electrode, depending mainly
on the battery age and the antimony content irptsétive grid alloy.

In order to compensate for the self-discharge atldacid batteries, a current whose value
exceeds the self-discharge of the negative eleethas to be supplied. This is traditionally
achieved by applying a constant voltage whose vislgdightly higher than the battery open
circuit voltage. This is called “float charge”. has to be kept in mind that the float
polarization increases gas evolution rates at blgttrodes.

In antimony-free lead-acid batteries, e.g. VRLAtbaes, the self-discharge rate of the
negative electrode is largely reduced and is alaotulf of the self-discharge rate of the
positive electrode. The question is: are traditidlvat charges really suited to antimony-free
lead-acid batteries? Practical situations on fiatd well as experimental results say no.
Standby VRLA batteries maintained under a consta@t voltage to compensate self-
discharge encounter the problem of short servieg When our results show that traditional
float charge currents are far over what is needednaintain the VRLA battery state of
charge.

In order to reduce overcharge, intermittent chafgeen-circuit and periodical charges) have
been used instead of float charges and have giwsitiye results in reducing thermal
runaway and increasing the battery life span. Nbedss, corrosion of the positive grid is
also high during open-circuit periods of intermittecharges. Indeed, it is revealed in the
literature that corrosion is minimum when the pesipolarization is between 40 and 80 mV.

In this chapter, taking into account this minimuanrosion, a new method of maintaining the
charge of antimony-free lead-acid batteries usiwgdurrents and periodic charges is studied.
This is calledLow-current method. This method is derived from the intermitteharge:
open-circuit periods are replaced by constant lawent periods with values are about 5 to
10 times smaller than traditional float currents.

This new method was tested on several types ofdeatibatteries: SLI car batteries, VRLA
batteries, SLI heavy truck batteries with antimgnmig alloys. It was compared to no charge
(open circuit) and traditional float charges. Theained results shown that low currents, 5 to
10 times smaller then float currents, could mam@ood states of charge of antimony free
lead acid batteries including SLI car batteries &RLA batteries. Whereas, float charges
seemed necessary to ensure a good state of cHabgéteries with antimony grid alloys, in
particular, of its negative electrodes. At 28/Ah (more than 10 times smaller than
traditional float currents), corrosion reduced tcadly. The effect of this 21A/Ah on the
positive active material was much higher than aptntompensation of the self-discharge,
but also a reduction of corrosion by keeping th#epa in a corrosion passivation zone.
However, the positive polarization response of thisrent was just of the order of 2 mV,
much lower than the preceding published valuesiust be noticed that our results, obtained
from long duration tests (over 19 months) at roemgeratures, differed from these published
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results, generally obtained at accelerated conmtti®esides reducing corrosion, the Low-
current method would have also the advantagesduicieg water loss due to corrosion and
the need of periodical charges.

The battery management system of three parallggstrindividually controlled (Stationary
Multibat system), associated to the implementatibthe low current method, has been used
at six electrical substations of EDF. Recently, Dieection of Hydraulic Production has
decided to adopt this new technology for backupebas ensuring the security of hydraulic
power plants. Twenty systems of this kind will betalled by the second semester of 2009.
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GENERAL CONCLUSION

Lead acid batteries have been used for more th@ny&ars. Compared with newer energy
technologies, such as nickel-metal hydride andulithion batteries with ability to pack a lot
of energy into a small space and deliver a steaniyent over a long period, it has to be
admitted that they look old-fashioned. It is, neleless, a mistake to dismiss something just
because it is old. Another way of looking at ithat lead acid batteries are tried and trusted.
They may just need to be used in the right waysl #hat is what has been happening: three
PhD theses have been done in the past at EDF andriversity Montpellier Il. They have
given promising conclusions for lead acid batteard their applications. In this thesis, these
conclusions are confirmed, improved and new pog##isi are opened.

A traditional charge process of lead acid battelasss generally from 10 to 14 hours. The
common use of 3 shifts of 8 hours has driven mattufars to develop 8-hour charge
algorithms. These charge algorithms involve an &dem of classical algorithms without
radical changes. In both cases, the electrolyteatdiation phase, called overcharge phase,
is achieved at the end of the operation, wherebtiteery charge acceptance is sufficiently
low. In this way, the current of gas evolutiond)ethgas current, is almost equal to the total
current, making the evaluation of the gas curreagdiex and thus facilitating the global
management of the charge.

New applications of lead acid batteries requireggeneral, a reduction of the charge duration;
we are talking here about accelerated chargesatbelerated charges do not include a final
phase just for destratification where it is palyiaontrolled. It has to be thus carried out in
parallel with the proper charge, called here atyedestratification. The global charge rate
during this operation is much higher than the dneassical charges. For instance, a factor of
4 to 5 is used in the case of grid storage duedoaed durations of the slack period during
the night or a factor of 10 to 20 is applied in t@se of a fast charge of batteries in electric
buses, where the total charge duration is of tderoof an hour.

In this thesis, a new charge algorithm for accédetacharges and for fast charges is
developed applying early destratification. Chargeeptance measurements are achieved in
order to evaluate and control gas currents. Thgorahm has been implemented in a
commercial charger. A flooded lead acid batteryrgéd with this new algorithm has shown a
good evolution of its electrolyte density withirhalf reduced charge duration compared to a
classical charge of the same initial rate.

Backup supplies are one of the main applicationseafl acid batteries. Stationary VRLA
batteries, maintained under a constant float veltdag compensate for self-discharge,
encounter the problem of short service life. Irs thpplication, almost opposed to the case of
fast charges because of very low charge ratesaat & part of the problem is similar: within
these low charge rates, the charge and the sidéaesitake place jointly.

The float currents have to exceed side reactiogsrad prevent batteries from under-charge.
Nevertheless, too high float currents cause faslue lead acid batteries because of side
reactions. In fact, gas evolution increases with iticrease of charge polarizations and the
corrosion rate is demonstrated to increase wherptiséive polarization is over [40 + 80]
mV. At a typical float polarization voltage of treder of 120 mV/cell, the float current
response of the battery is about 10 times strotinger the self-discharge current; batteries are
overcharged.

In order to reduce overcharge, intermittent chafgesn-circuit and periodical charges) have
been used instead of float charges and have giwsitiye results in reducing thermal
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runaway and increasing the battery life span. Nbe&ss, corrosion of the positive grid is
also high during open-circuit periods of intermitteharges.

In this thesis, a new method of maintaining thergbaof antimony-free lead-acid batteries
using low currents and periodic charges is studldus is calledLow-currentmethod. This
method is derived from the intermittent charge:repecuit periods are replaced by constant
low current periods with values about 5 to 10 tireemsller than traditional float currents. The
low current of 25uA/Ah (more than 10 times smaller than traditioniaaf currents) can
maintain good states of charge of antimony freel laaid batteries. The effect of this 25
pA/Ah on the positive active material is much higkieein a simple compensation of the self-
discharge; it is also a radical reduction of cannsby keeping the battery in a corrosion
passivation zone. However, the positive polarizatiesponse of this current is just of the
order of 2 mV, much lower than the preceding piiglés values. Besides reducing corrosion,
the Low-current method has also the advantagesdafcing water loss due to corrosion and
the need of periodical charges.

This Low-current method combined with battery redlumcy and automated periodical
capacity measurement has been now used in sevevAl\MMsubstations and in some
hydraulic power plants of EDF.

In order to evaluate the capacities of both negadind positive electrodes of the battery, we
decided to operate discharges with polarity inwersi Two kinds of reference electrodes are
used to measure the potentials of each electrogleerdl types of flooded lead acid batteries
including a flat-plate battery, a tubular-platetbat, a compress battery and SLI heavy truck
batteries were subjected to this test. The obtaiasdlts enable us to determine the capacities
of both electrodes and of all pseudo cells inclgdhre limited battery capacity one. They also
lead us to better understand the polarity invergio@nomenon concerning the mechanism of
polarity inversion and processes occurred insigeteddes. The discovery of differences
between the inversed potential profiles of negatind positive electrodes allows recognizing
them even when reference electrodes are not used.

This reminds me of another way of looking at reskeabesides pursuing the initial objective
it is always a pleasure to make serendipities.

At this point | would like to talk briefly about ¢hpleasure that | have had during my research
adventure.

During my five years of electrical engineering miag at Hanoi University of Technologies, |
became aware of renewable energies and their afiphs in sustainable development. This
is the reason why for my graduation dissertatiochdse to work on renewable energies, in
particular, on small hydraulic plants in remote mi@in villages of Thua Thien Hue district,
my hometown. This was my first experience of thendm, which gave me a good mark and
also a scholarship to continue my study in Fraiie&ing a long with the desire to learn more
about renewable energy applications, | did a Mast&cience (M.S.) at the South Electronic
Institute (IES) on electronic, systems and comptsenth the option of photovoltaic and
wind systems. During my M.S. research placementead acid batteries in photovoltaic
installations under the supervision of Professauiz&l Christian, | encountered Alzieu Jean
senior engineer at EDF R&D, and my adventure hdsdethis thesis. Although electronic
and electrochemistry were not my initial trainindyave been very pleased to study and try
new things. | am carried along with my desire tedgtabout renewable energies and their
applications and what | have received pleases menaach. | think any oriented work opens
up new opportunities and perspectives.

The first outlook of our work concerns the new ¢feaalgorithm with early destratification

using charge acceptance measurements. This inoovas the advantage of destratifying the
electrolyte whenever the charge power is availabdsting this new algorithm on accelerated
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charges and fast charges (with high charge ratesyld lead to further investigations.
Besides, it can be used in any charge processasstoe a quite homogenized state of the
electrolyte in case the charge procedure is actatlgrinterrupted. Aging tests should be
performed to evaluate the state of health of batewn which these new charge procedures
are applied.

The discovery of low-current effects opens up teosd outlook of this thesis works. As the
overcharge and especially the corrosion are dedstipeduced, we conclude that the battery
lifespan should be improved. However, as the caros a long process, a test under real
conditions over a long period should be achievatie©then back-up supply applications, the
phase of maintaining the charge with an imposeddawent might be also be used in any
lead acid battery applications where the battery beaat open circuit for a long time between
services. This will have the advantages, besidestaiaing the state of charge of the battery,
of keeping it in minimum corrosion.

The innovation about acceptance measurements dehiarge, the discoveries on low-current
effects on corrosion and on self-discharge, as aglthe studies about battery behaviors
during polarity inversions contribute to better arstanding and use of lead acid batteries.
They open the door to new ways of managements,haeicolutionize the manner on dealt
with lead acid batteries. This PhD thesis final®aches its initial objective of contribution
towards sustainable development.
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RESUME EN FRANCAIS

Les trois principaux domaines d’application destdsas au plomb sont le démarrage des
moteurs thermiques, la traction électrique et lpplieations stationnaires, incluant les
systemes de secours. Les évolutions des march&snment celui de I'énergie, ouvrent de
nouvelles applications de stockage par accumulageurplomb : transports électriques,
énergies renouvelables dont éolien et photovol&gigtockage réseau, qualité, secours. Dans

la plupart des cas, les contraintes de l'applicatménent a revoir profondément les
algorithmes de charge

Nous avons mené différentes études sur les battauiglomb dans des conditions extrémes :
1* cas, charge rapide pour batteries ouvertes, a'elite a des régimes de charge largement
supérieurs a ceux pratiqués traditionnellemerii™ 2as, recherche au contraire des plus
faibles courants permettant de maintenir une battar I'état chargé ; enfin, étude du
comportement de la batterie au plomb en régimeé&bhatge extréme, c’est-a-dire jusqu’a
inversion compléte des polarités d’électrode.

A partir de ces travaux, un nouvel algorithme dergh rapide avec une phase de

déstratification précoce a été mis au point. Dgpes d’applications en résultent :

- avec augmentation de la puissance du chargdarge rapide ;

- sans augmentation de la puissance du chargéduction de la durée de charge de I'ordre

d’un facteur deux.

Concernant le deuxieme volet de I'étude, une ndevekthode de maintien en charge par

faible courant imposé a été testée sur difféeretdelnologies de batteries au plomb. Les

résultats apparaissent prometteurs, notamment ¢knsas des batteries étanches en
application de type secours. Une augmentation diutée de vie est dans ce cas attendue,
associée a une réduction importante de la corradésngrilles positives et de la perte d’eau

dans le temps. Enfin, 'analyse des profils deitende la batterie en décharge profonde, avec
inversion de polarité, s’est avérée un outil effcegpour mener a bien les mesures d’état de
charge de chaque polarité d’électrode, nécessaireveloppement de la nouvelle méthode,
précitée, de maintien en charge des batteries cimuse Une industrialisation de ces deux

nouvelles méthodes de gestion des batteries aubpdsiren cours.



INTRODUCTION

Inventée en 1859 par le physicien francais Gastant® I'accumulateur au plomb a été le
premier accumulateur rechargeable. Il représenjeualihui le systeme de stockage de
I'électricité le plus utilisée dans I'industrie éans I'équipement des véhicules. Son rapport
énergie/poids est modeste (35Wh/kg) mais son dtitu fournir de fortes intensités de
courant situe son rapport puissance/poids a uraniv®norable. Ces caractéristiques unies
avec son faible col(t, son taux de recyclage él&/&@6f et sa technologie mature,
maintiennent la batterie au plomb attractive paindmbreuses applications.

Les évolutions des marchés, notamment celui delife, et la demande de développement
durable ouvrent de nouvelles applications de s@elgr accumulateur au plomb : transports
électriques, énergies renouvelables dont éoliephetovoltaique, stockage réseau, qualité,
secours. Dans la plupart des cas, les contrairgei&agplication nouvelle ménent a revoir
profondément les algorithmes de gestion, notammdenthargell ne faut pas non plus
oublier le facteur économique qui oblige & mieuxnee et comprendre les phénomenes
internes aux accumulateurs afin d'augmenter leréredde vie.

Pour ces raisons, l'accumulateur au plomb est dame dizaine d’année un sujet d’étude a
I'Institut Electronique du Sud (IES) en collabooastiavec EDF R&D. Trois théses se sont
concrétisées sur la batterie au plomb et ses apiplis. En 1997, H. Smimite a travaillé sur la
charge rapide, au régime 1 heure, pour la battétéache utilisée dans les véhicules
électriques individuels. En 2002, P. 1zzo a corsaon travail de thése aux batteries pour les
applications photovoltaiques, la gestion de kitotpholtaiques, c'est-a-dire de petits
systémes comportant une simple batterie de dénmrraigsi que de grands systémes
comportant un systeme de stockage composé de ynisidimtteries associées en seérie et
gérées individuellement. En 2004, G. Dillensegenité le développement d’une nouvelle
méthode de maintien en charge pour les battersmshaires de secours avec des faibles
courants imposés. En continuité avec les théseggeates, les projets en cours de EDF et de
I'lES portent sur les mémes domaines mais avemdesgelles demandes et des nouveaux
problemes. lls constituent le sujet de cette thdaecharge rapide d’'une durée d’'une heure
pour la batterie ouverte utilisée dans les bustrideres, d’'une durée de quatre heures pour la
batterie d’'une installation photovoltaique raccerdé réseau pour optimiser par le stockage
la courbe de production électrique; la méthode dentien en charge avec des faibles
courants imposeés pour différentes technologiesatieties au plomb ; la décharge profonde
avec inversions de polarité.

Ce tapuscrit comporte un premier chapitre de géitésasur la batterie au plomb, rédigé a
I'intention de mes collegues non électro-chimisteprésente le fonctionnement des batteries
au plomb notamment ses comportements dans lesradifé&s conditions expérimentales
auxquelles elles seront soumises au cours destd®gm@uivants. Le deuxiéme chapitre
concerne la charge de la batterie au plomb : d@hdage traditionnelle a la charge rapide des
batteries ouvertes. Un nouvel algorithme de chaageale avec une phase de déstratification
précoce est développé et mis au point. |l est adjoui intégré dans un chargeur commercial
de la société IES-Synergy et testé sur une batterigressée de laboratoire. La décharge de
la batterie au plomb avec inversions de polari#téaétudiée dans un troisieme chapitre a
travers des travaux expeérimentaux sur plusieursstyges batteries : batteries stationnaires
plaques planes et tubulaires, batteries compredségsries de démarrage durcies. Le dernier
chapitre concerne les méthodes de maintien en eltg batteries au plomb stationnaires. La
nouvelle méthode de maintien en charge par faibtagants imposés est testée sur les
batteries ouvertes avec et sans antimoine et sunaleries étanches AGM.



CHAPITRE 1 - BATTERIES AU PLOMB

Ce chapitre a été rédigé spécialement pour mesgumb ingénieurs électriciens, qui ne sont
pas familiers avec la terminologie électrochimiqua.batterie au plomb y est présentée : de
sa constitution jusquaux principes de fonctionnetmeen expliguant les lois
thermodynamiques et cinétiques qui la gouverneatpiemiere partie parle des éléments qui
constituent la batterie au plomb, ainsi que dedémdihtes technologies et domaines
d’applications. La deuxieme partie explique le fiimmnement de la batterie au plomb :
I'énergie chimique est convertie en énergie élgatiet vice-versa. La troisieme partie
présente les réactions dans un accumulateur aubpldes réactions principales (charge et
décharge de la matiére active) et les réactiononskdres (électrolyse de I'eau,
recombinaison de I'oxygene, corrosion...). Les qeate et cinquieme parties décrivent les
lois thermodynamiques et cinétiques qui gouvertiantumulateur en circuit ouvert et sous
passage de courant. La derniere partie décritdesnpetres caractéristiques de la batterie au
plomb, la capacité, I'état de charge et I'état aleté.

Il'y a deux types principaux de technologies deei@ au plomb : batterie ouverte et batterie
étanche, aussi appelée batterie a recombinais@noare batterie a soupape. Cette derniére
est équivalente a I'appellation anglo-saxonne : ¥XRiattery pour « Valve Regulated Lead
Acid battery ». En fait, la principale fonction qgdistingue la batterie étanche de la batterie
ouverte est la recombinaison interne de I'eau digésopar électrolyse. D'un point de vue
constitutionnel, la principale caractéristique duratterie étanche est I'immobilisation de son
électrolyte, permettant la constitution de canassueant un transit, en phase gazeuse, de
I'oxygeéne produit a I'électrode positive qui seegambiné en eau a I'électrode négative.

Figure 102 : Diagramme de Pourbaix : systéeme
électro-dynamique d’un accumulateur au plomb
avec les couples oxydo-réducteurs: PB/eb
Pb**/Pb*, HJ/H,O et HO/O, Les réactions
secondaires de [I'électrolyse de.® de la
recombinaison de Oet la corrosion de la grille
positive en Pb ont lieu en méme temps que les
réactions principales de charge ou décharge.

Les lignes notées 0 a -6 correspondent a des
concentrations en Pb, variant respectivement de
1 & 10° mollL.

r—
=
o

La tension d’équilibre (E) d’'un accumulateur estelia I'énergie maximale qui peut étre
convertie par ses réactions (énergie lili@) par la relatiomG = - nFE.

Pendant la charge ou la décharge, la différenae émttension de I'accumulateur (V) et sa
tension d’équilibre (E) est attribuée a des peotamiques et des polarisations non ohmiques
aux pertes qui se traduiseint fine, par un dégagement de chaleur.

Concernant les réactions d’'un accumulateur au plamb remarque importante est que les
réactions principales et les réactions secondaitebeu en parallele. Cette situation influence



le comportement de la batterie et doit étre prise@npte dans sa gestion, notamment dans
les cas d'utilisations extrémes que nous avonsé&duette caractéristique est analysée tout
au long de la thése : en charge avec la déstedtdit de I'électrolyte par dégagement gazeux
(chapitre 2) ; en maintien en charge de batteti@soanaires, ou les réactions secondaires
sont responsables a la fois, du phénoméne d’altadge et des principaux modes de
défaillance — assechement de I'électrolyte, coorosie la grille positive, emballement
thermique — menant a la fin de vie de ces battéciespitre 4).

CHAPITRE 2 - CHARGE DE BATTERIES AU PLOMB: DE LA HKARGE
TRADITIONNELLE A LA CHARGE RAPIDE

En pratique, une procédure de charge doit répoadmeis criteres principaux : une durée
raisonnable, un état final de charge suffisanhethomogénéité acceptable de I'électrolyte.

La stratification est un phénomeéne courant quiGselbppe pendant la charge des batteries au
plomb : I'électrolyte en bas des éléments est pluscentré que I'électrolyte en haut. Une
batterie stratifiée souffre d’une fatigue rapidelaartie inférieure de ces électrodes et donc
vieillit plus vite. La méthode habituelle pour d@&sifier I'électrolyte consiste a provoquer une
circulation de gaz pour brasser I'électrolyte @acdnvection forcée. Ce gaz peut étre de I'air
injecté par une pompe ou, le plus souvent, de fexg et 'hydrogéne produits en fin de
charge par I'électrolyse de I'eau de I'électrolyte.

Un dégagement gazeux da a I'électrolyse de I'etupurs lieu dans la batterie au plomb. I

augmente avec 'augmentation de la tension de eharglevient appréciable a partir d’'une

valeur de tension nommeée tension de dégagementngad®us tension de dégagement
gazeux, le régime de charge est proche du régimx@men acceptable par la batterie pour la

réaction de charge proprement-dite. Ce régime &sgadé par « courant d’acceptance » dans
ce tapuscrit. Un courant supérieur, correspondaria gart excédentaire, entraine un

dégagement gazeux qui brasse I'électrolyte et Itgénéise. On parle ici d’'une phase de
déstratification ou d’une phase de surcharge.

La déstratification par dégagement gazeux est sawespour la santé de la batterie, mais le
courant de dégagement gazeux doit étre contrélé popas atteindre des valeurs excessives
et protéger ainsi la batterie contre un vieillissafrrapide qui en résulterait. S’ajoutent a cette
raison le souci de ne pas consommer trop d’eauvétertrolyte ainsi que d’éviter une trop
forte production d’hydrogene, gaz potentiellemexplesif au-dela de 4 % en volume. Au
cours d’'une procédure de charge classique, qui e@lug@énéral de 8 a 14 heures, la phase de
déstratification est effectuée sur la fin, lorst¢gieourant d’acceptance est suffisamment faible
pour que le courant de dégagement gazeux soit idedslienau courant total, ce qui facilite son
évaluation et donc la gestion de la charge. Enquat 10 a 15% de surcharge sont imposés a
la batterie pour déstratifier I'électrolyte.

Aujourd’hui, plusieurs nouvelles applications deté@es au plomb réclament une réduction
de la durée de la procédure de charge. Par exampleharge de 4 heures dans le cas d’'un
stockage réseau ou encore une charge méridientierdee d’une heure pour les batteries
d’'un bus électrique. Dans ces cas on parle de elrafgjde. Dans le cas d’une charge rapide,
I'acceptance de la batterie n’a pas le temps didtee une valeur suffisamment basse pour
étre considérée comme négligeable au cours deakepte déstratification finale.
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Figure 103 : La charge IUi classique : (A) phase@urant constant traditionnellement inférieur ou

égale a C/5, (B) phase a tension constanggs ¥t phase de déstratification ou de surcharge aaou
constant C/20 (C).

On propose ici d'effectuer la phase de déstratibcadés le début de la phase (B) (cf.
Figure 103) d’un profil de charge IUi classiquegst-a-dire alors que le courant d’acceptance
est encore élevé. On parle alors d'une phase deatifisation précoce. Dans ce cas, pour
controler le courant de dégagement gazeux il esessaire de connaitre le courant
d’acceptance. Deux méthodes de mesure de courarttagitance sont étudiées et testées. La
premier, suivant les préconisations de P. |zzo,sist& a partir d’'une valeur de courant
supérieure a l'acceptance de la batterie, a imposerrampe de courant décroissante et a
détecter, dans la réponse en tension de la battaripoint d’inflexion caractéristique de la
tension de dégagement gazeux. Cette méthode, cafisg@echir le résultat de l'influence de
parametres tels que la température ou la composite I'alliage de grille positive, s’est
avérée inapplicable pour les charges rapides plagit en effet que le temps de réponse de la
batterie impose de pratiquer des rampes de pegitesient faibles que la durée de la mesure,
qui en résulte, devient incompatible avec notionctiarge « rapide ». Nous avons donc
substitué a la rampe «1zzo » une nouvelle méthdstimation du courant d’acceptance.
Cette méthode consiste a imposer périodiguememtbatterie une tension égale a la tension
de dégagement gazeux pré-estimée a partir dest@astques de la batterie en charge. La
réponse en courant se caractérise par une chutaleode I'intensité (qui peut atteindre
transitoirement une valeur négative) puis une rdéermrapide. L'intensité tend alors
asymptotiquement vers la valeur recherchée. L'egpée montre que quelques secondes



suffisent pour obtenir une image de I'acceptandesaible par I'algorithme de gestion de la
déstratification précoce.

A une étape de mesure d'acceptance a tension ootmstsuccéde une étape de
déstratification, pendant laquelle le chargeur isgp@ la batterie un courant égal a
I'acceptance, augmentée d’un complément, destprévoquer I'électrolyse de I'eau, et donc
un dégagement gazeux qui brasse mécaniquemermti@ige.

Cette séquence — mesure a tension imposée puisatdiEesttion a courant imposé — est
répétée périodiguement, par exemple toutes lestasn(af. ). Gérée de cette facon, la phase
de surcharge peut commencer des le début de la ghasf. Figure 104) d'un profil de
charge Ui classique. Nous qualifions alors cefiération de « déstratification précoce » (cf.
Figure 105). A son terme, I'état de charge de ldeba est de l'ordre de 90% et une
utilisation en décharge est possible, I'électroBti@nt déstratifié.
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Figure 104 : Principe de la nouvelle méthode dergbarapide : () étape a courant constant ou
puissance constante, (Il1a) étape de mesure de nbdfacceptance a tension de dégagement gazeux,

\

(Ilb) étape de surcharge a courant de surchargevelcrarc} €gal a la somme du courant
d’acceptance @cceptance €t du courant de dégagement gazegxd(choisi :

IOVERCHARGE= IACCEPTANCE"’ IGAS

La modification d’'un chargeur « 12 heures » avealgorithme de déstratification précoce,
permet de rendre disponible la batterie en un tesepordre de 4 a 6 heures. Cette division
du temps de charge d'un facteur deux est obtenos swdification de la puissance de
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chargeur. L’évolution vers des charges plus rapitsessite d’augmenter le régime initial
(phase A) et donc d'utiliser des chargeurs plusgarts. Pour une charge d’'une durée de
I'ordre de I'heure, I'estimation de I'acceptancesudfit plus ; il faut alors prendre en compte
sa dérivée. Un brevet EDF/Université Montpelliea kté déposé en 2008 sur ce sujet.
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Figure 105 : Tension, courant et densité de I'dlglgte en haut de la batterie mesurés pendant une
charge avec destratification précoce, pratiquéecane chargeur industriel modifié. La durée totale
de la charge est ici de 4 heures.

CHAPITRE 3 — DECHARGE DE BATTERIES AU PLOMB : INVERON DE POLARITE

Afin de mesurer les capacités des électrodes pesitt négatives, nous avons effectué la
décharge de batteries jusqu’a inversion de lewarfiél Deux types d’électrodes de référence,
fabriqués par nous-méme au laboratoire, sont égilipour déterminer les potentiels
d’électrode. Le croisement des résultats a permigatider les mesures.

Cette étude de la décharge profonde de la batearigomb, jusqu’a inversion compléte des
polarités d’électrode, a été menée pour évaluetifetiques d’autodécharge respectives, des
électrodes positive et négative de différents typascumulateurs au plomb.

Dans le cas d’'une décharge compléte traditionn&le;ourant est interrompu lorsque la
tension commence a chuter aux bornes de I'élémentdeux électrodes n’ayant pas la méme
capacité, c’est la plus faible qui détermine lademdécharge, et on ne sait généralement pas
s'il s'agit de la négative ou de la positive. Lligation d’une électrode de référence permet de
lever cette indétermination, mais on n’a alors aecinformation sur la capacité de l'autre
électrode, a moins de prolonger la décharge jusghide de tension de la deuxiéme
électrode. La premiere électrode, forcée de coatialtse décharger au-dela de sa capacité, est
alors le siege d’'un processus d’inversion de p@laAutrement dit, au sein d’'une électrode
négative par exemple, apparait du matériau acsftifjoc’est-a-dire du dioxyde de plomb :
I'électrode négative prend alors le potentiel d’éhectrode positive. Et réciproquement pour
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une électrode positive. Une telle opération fati¢ee matériaux d’électrode et doit donc,
d'une facon générale, étre évitée. L'inversion @'umlectrode négative est méme
particulierement préjudiciable, dans la mesure ont salors détruits, par oxydation, les
lignosulfonates qui sont un additif essentiel & leagévité. Nous avons cependant considéré,
dans notre cas, que le risque était négligeabls @amesure ou la durée de vie requise, pour
chaque batterie testée, était limitée a deux, tvois cycles.

Durée (h:m:s)

0:00:00 4:00:00 8:00:00 12:00:00 16:00:00 20:00:00 24:00:00
3 1 1

s 6éme électrode positive

? Arrét de la
décharge
1

E \\
[ =
S o
g 1ére électrode négative )
'_
-] Coup de fouet
e “T° N
5 / \
Kl T \
v —r—!
\ /
N - _ 7
-3 =

BN

Figure 106 : Décharge (a 1,14C/20) avec inversiags polarité d’'une batterie a plagques planes
70 Ah/12V. Profils de potentiel des électrodes tiéggaet positive extrémes associées aux deux bornes
de la batterie.
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Figure 107 : Décharge (a 1,14C/20) avec inversidagolarité des douze électrodes d’'une batterie a
plaques planes 70 Ah/12V. Profil de tension de dttebie et représentation de la dérivée de cette
tension. Les inversions des six positives et deségatives sont nettement identifiables sur chacun
de ces deux courbes.
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Figure 108 : Décharge (a 1,8C/10) avec inversiorms mblarite d’'une batterie a plaques planes
110 Ah/12V. Observation d'une bosse sur le prafilpdtentiel de la “l® électrode négative apres la
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Figure 109 : Courant associé a la réaction de dégeaavant et pendant une inversion de polarité.
L'inversion commence lorsque la diffusion des idS;, depuis I'électrolyte externe, n'arrive plus a
suivre le régime de décharge imposé. La réactiamvdrsion libére, au sein des électrodes, des ions
HSQ, qui sont réutilisés par la réaction de décharge gaiprolonge, parallélement & la réaction
d’inversion.

Certains essais ont été effectués sur des monobb¥s c’est-a-dire six éléments assemblés
en série. Dans ce cas, seules les bornes de ¢aibatbnt accessibles. Elles correspondent a la
négative du premier €lément et a la positive diesie. Pour que nos mesures bénéficient
d’un poids statistique suffisant, nous souhaitiaoséder aux capacités respectives de chacune
des six négatives et des six positives de la batlex V. L’analyse, au cours d’'une inversion



de polarité, du potentiel d'électrodes isolées ampe de distinguer des caractéristiques
permettant de discriminer les deux polarités (gufe 106). En fin d'inversion, par exemple,
une électrode négative présente un profil de tendétype «coup de fouet », que nous avons
rapproché de celui habituellement rencontré sprdél de tension des électrodes positives en
début de charge. Ou encore, la nette différenggedées de la tension en fonction du temps
entre les positives et les négatives. Ces élémmais ont aussi permis de déterminer les
capacités des douze électrodes d’'une batterie d2afttir du seul profil de tension mesuré a
ses bornes (cf. Figure 107). Au-dela de [l'outil jutonstitué l'analyse de ces profils
d’inversion, l'observation surprenante de bosses lea profils de tension d’électrode,
sensiblement apres la fin d’'inversion (cf. Figub8), s’est présentée tout d’abord comme une
énigme — nous n’imaginions pas autre chose qu’afilglat — puis comme une aide a la
compréhension des mécanismes d’inversion (cf. Eig08).

CHAPITRE 4 - NOUVELLE METHODE DE MAINTIEN EN CHARGHEE BATTERIES
STATIONNAIRES

L’alimentation de secours est une des principalpglieations des batteries au plomb.

Aujourd’hui, les batteries stationnaires, en paiiér les batteries VRLA, soumises aux

régimes de floating traditionnels, rencontrent gesblémes de fiabilité et de durée de vie
limitée. Cette situation nous a conduite a poursuigs travaux sur les méthodes de maintien
en charge préalablement engagés a EDF.

L’autodécharge due aux réactions secondaires ésgitable dans la batterie au plomb, que
celle-ci soit en charge, en circuit ouvert ou eohdége. Le courant d’autodécharge dépend de
plusieurs facteurs, principalement I'état de charlge température, le type de l'alliage
constitutif de la grille positive. Ces régimes d@ilecharge ne sont pas €gaux pour I'électrode
positive et négative. lls sont indépendants 'ufalgtre. Dans les batteries avec antimoine, le
courant d’autodécharge de I'électrode négativepkstieurs fois plus important que celui de
I'électrode positive et dépend surtout de I'agdadeatterie et du taux d’antimoine de la grille
positive.

Pour compenser le courant d’autodécharge, on fodaris ce cas un courant dont la valeur
est supérieure a celle de I'autodécharge de l'&detnégative. Cette situation est, en général,
obtenue en appliquant aux bornes de la batterieteim&on constante dont la valeur est

légérement supérieure a celle du circuit ouvertl'@@dre de 120 mV par élément). On parle

de «floating » ou, en francais, de « marche fiida. Bien entendu, la polarisation de

floating fait augmenter le courant de dégagememews qui est en partie responsable de
I'autodécharge.

Dans les batteries sans antimoine, comme les iesti&ianches, le courant d’autodécharge de
I'électrode négative est réduit. Nous I'avons égadw tiers de celui de I'électrode positive.
Un tel changement de comportement entre les aceatewns avec antimoine et les
accumulateurs sans antimoine nous a amené a neuasoger sur la pertinence d’appliquer a
ces derniers les méthodes traditionnelles de changent été mises au point, depuis des
décennies, avec les premiers. Une technique detisraien charge, alternative au floating, a
été ces dernieres années I'objet de recherche&velogpppements : la charge intermittente. Elle
consiste a alterner des phases de repos en anmogirt et des phases de floating ou charge.
Ces recherches ont été principalement suscitéesgbaervation, notamment en ambiance
chaude, de durées de vie des accumulateurs étanétieses de facon importante, par
exemple inférieures a un an. L'issue peut étre dtame, lorsque se produit le phénoméne
d’emballement thermique correspondant au processuant :



» La batterie étanche, en floating, s’échauffe staftet de la réaction exothermique de
recombinaison de I'oxygéne.

» Cet échauffement entraine une diminution de last&sce interne de la batterie,
essentiellement due a la migration ionique danedtélyte.

* La diminution de la résistance interne entraine augmentation du courant, donc de
I'électrolyse de I'eau, donc de la recombinaisotabeygéne, donc de I'échauffement
et ainsi de suite.

* Lorsque ce phénomeéne diverge, la batterie fondjéserme, peut provoquer court
circuit, incendie, explosion. La charge intermiteem été concue pour limiter les
échauffements.

Des résultats positifs suivant la mise en ceuvrehdgges intermittentes ont été annoncés.
Plusieurs équipes de recherche ont travaillé swsugt, avec des choix de période (repos +
charge) variées : de quelques minutes a plusiennsises.

Pour notre part, nous avons considéré que la piasgrcuit ouvert n’était pas un passage
obligatoire. Nous lui avons substitué une phasailde courant imposé. Les raisons de cette
disposition sont les suivantes :

« A trés faible régime de charge d’'une batteriestl@us facile de contrdler le courant
gue la tension.

* Le contrdle du courant permet le contréle de I'égfeament.

e Un courant d’intensité inférieure a celle correggaomt au régime de floating est
susceptible de compenser, au moins partiellementodécharge, et réduit le besoin
de charge périodique.

* Plusieurs publications font état d’'un minimum dginée de corrosion de la grille
positive, lorsque le potentiel de I'électrode p@sitest compris entre celui du circuit
ouvert et ceux de floating. La surtension de |'&hmde positive, associée a ce
minimum, est I'objet de différentes évaluationsn@@lement situées dans l'intervalle
30 280 mV.
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Figure 110 : La méthode des faibles courants esvélé de la méthode de charge intermittente : les
phases de circuit ouvert sont remplacées par leseh a faibles courants dont les valeurs sont de 5
10 fois moindres que celles des courants de flga@®0 to 50Q:A/Ah). L'objectif est de positionner
la batterie dans la zone du minimum de corrosion.
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Nous avons soumis différents types de batteriegsl@ub, ouverte ou étanche, avec ou sans
antimoine, a des périodes de plusieurs mois sabeg$acourants imposés. Alors que les
régimes de floating traditionnels correspondanes cburants de charge de I'ordre de 200 a
500 pA par Ah de batterie, les faibles courants enigeuvre dans notre étude ont été choisis
dans l'intervalle 25 a 100 pA/Ah. Les états de gbamitiaux et finaux des électrodes
négatives et positives ont été mesurés suivant deitkodes : mesure chimique des taux de
produit de décharge, c’est-a-dire du sulfate denploau sein des électrodes et mesure de
capacités de chaque électrode par décharge jusmquedsion des polarités. A une variation
d’état de charge en un temps donné, peut étreiaspac calcul, un courant moyen effectif de
charge ou décharge. Les mesures ont aussi notampeemtis de calculer les courants
d’autodécharge en circuit ouvert, de chaque éldetro

Les deux méthodes ont livré des résultats conctsd@®ux-ci peuvent étre resumés comme
suit :

« Batteries avec antimoinel’antimoine influence le régime d’autodécharges de
électrodes négatives. Dans les batteries avec aingémles électrodes négatives
s'autodéchargent plus vite que les électrodesipesitCette situation s’aggrave avec
le taux d’antimoine et avec I'age de la batterieeUnéthode de charge intermittente
avec phase a faible courant est envisageable, coaistat est fait que le floating
traditionnel est bien adaptée au maintien en chaegmanent de la batterie.

» PBatteries sans antimoine.a situation s’inverse: le régime d'autodécharmdgs
électrodes négatives est réduit, il est alors delie du tiers de celui des électrodes
positives. Le régime de floating apparait comme2daat largement le besoin de ces
batteries.

Dans ce dernier cas, en effet, 'imposition d’uibli@ courant dont l'intensité est cing a dix
fois inférieure a celle des courants de floatiraglitionnel apparait suffisante pour maintenir
I'état de charge de la batterie. Plus précisén@@nf{gure 111) :
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Figure 111 : Bilans de courant en fonction de faibdourant imposé : (a) Electrode négative,
(b) Electrode positive. (S) : la somme du couraattbdécharge en circuit ouvert et du faible couran
imposé. (CR) : le courant résultant calculé a pade I'évolution des taux de sulfate. (CA) : couran
de décharge associé aux réactions secondaires negptes de l'autodécharge. Il est égal a la
différence entre le courant résultant et le couramposé, CA = CR — faible courant imposé.
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» L’électrode négative voit son état de charge st#bivec un courant dont I'intensité
est triple de celle de son autodécharge constatéeaiit ouvert. On peut évoquer ici
un pseudo rendement de I'ordre de 30%.

* Le cas de I'électrode positive est apparu plusrsagnt : 25 pA/Ah de courant de
charge y compense 31 nA/Ah de courant d’autodéehetrde plus complete la charge
a un régime de 12 pA/Ah. Le pseudo rendement évarmptessus apparait ici
supérieur a 100%, (31 + 12)/25 = 172%. Autrement efifet observé au-dela d’'une
compensation de I'autodécharge correspond a unidtiion du régime des réactions
secondaires responsables de I'autodécharge.

La compréhension de ce dernier résultat passe Jsaralyse des mécanismes de
'autodécharge des électrodes positives. Cettedaatmrge est la conséquence de deux
réactions lentes mais inéluctables, car largemerg He leur potentiel d’équilibre. Il s’agit
d’'une part de la production d’'oxygéne gazeux pélettrolyse de I'eau, d’'autre part de la
corrosion de l'alliage de plomb constituant le ecleur — grille — de I'électrode positive. Le
potentiel de I'électrode positive au repos est Bapé aux potentiels d’équilibre de ces
réactions respectivement, de plus de 400 mV etlage ge 2 V. La réaction de dégagement
d'oxygéne gazeux, pilotée par I'étape de transtlrtcharge, ne peut répondre, a une
augmentation de tension, que par une augmentaticoiwl régime. Elle ne peut donc pas étre
la cause de la diminution de I'autodécharge.

Il n’en va pas de méme pour la réaction de corrodim circuit ouvert, en effet, le potentiel
mixte qui résulte de la coexistence des réactitagtadécharge et de la réaction principale de
charge/décharge fait que I'état stable du matéti@ectrode est le sulfate de plomb. Le faible
courant de charge imposé déplace le potentiel dibopu de la réaction principale de
charge/décharge : I'état stable du matériau d'éldet est alors le dioxyde de plomb. Cette
différence fait que la couche de monoxyde de plamédsente a l'interface grille/matériaux
d’électrode est alors stable et protege l'alliagegdille. Il s’agit donc d’'un phénomene de
type passivation, et le faible courant imposé, add’'une fonction de compensation de
'autodécharge, assure également une fonction de fyotection anodique de la grille.
L’évaluation de I'effet notable qui en résulte, fique la faible surtension (2 mV) associée,
nous menent a confirmer I'existence d’'un minimumcderosion, mais a considérer que la
surtension positive associée a ce minimum estfplbke que celles précédemment publiées.
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La nouvelle méthode de maintien en charge que aomss développé a partir de ces résultats
consiste & maintenir la batterie sous faible cduiraposé et a pratiquer périodiquement, par
exemple tous les trois mois, une charge de complgme rattrapage. Cette charge est
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destinée, dans les cas ou les faibles courantempansent que partiellement I'autodécharge,
a ramener périodiquement la batterie a un étahdege maximum.

Dans le cas des batteries sans antimoine, cesesha€giodiques pourraient s’avérer non
nécessaires. Les batteries a recombinaison, ditésries étanches, constituent I'essentiel des
batteries stationnaires sans antimoine. Leur atibs reste aujourd’hui freinée par leur
manque de fiabilité et leur durée de vie réduitéd@ating. Pour s’affranchir des problémes de
fiabilité, nous avons combiné la méthode des faibtaurants avec une architecture de batterie
que nous appelons «Multibat Stationnaire», a ttw@nches paralléles gérées de facon
individuelle, telle que présente Figure 113. Laadisince d’'un élément n’entraine pas la perte
de la fonction secours. Seule la branche compol&#gament défaillant est affectée, soit un
tiers de la capacité disponible. Par ailleurs, défaillances sont détectées par mesure de
capacité périodique (aujourd’hui tous les 6 ma@gy, décharge compléte d’'une branche parmi
les trois.

La durée de vie des batteries étanches devrainétgdiorée de facon notable par la mise en
ceuvre des faibles courants. On sait en effet quesion de la grille positive et asséchement
de I'électrode sont des causes majeures de fineddevces batteries. Au-dela de la réduction
de la vitesse de corrosion, une réduction de leembeau est également attendue. En effet, on
sait que l'eau électrolysée par surcharge est rbowa catalytiquement sur I'électrode
négative, avec une efficacité élevée, de I'ordreQ8&. Par contre, 'eau consommée pour
fournir 'oxygéne de la couche de corrosion esghtse de facon irréversible. La diminution
de la vitesse de corrosion doit ainsi entrainerdinenution de la consommation d’eau dans
le temps et retarder ainsi une éventuelle défailgrar assechement.

Systéme de Gestion
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Figure 113 : (a) Schéma simplifié de systeme «ibhtltStationnaire ». (b) Zoom des composants
électroniques d'une de trois branches de battanidsent la méthode de faible courant.
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CONCLUSION ET PERPECTIVE INDUSTRIELLES

Les deux domaines sur lesquels ont porté notreegiadvent apparaitre disjoints, opposeés.
s’agissait en effet de gérer, pour la charge ramlds courants « extrémement forts », et pour
le maintien en charge des batteries de secourg;algants « extrémement faibles ». En fait,
un fort point commun les lie : il s'agit, dans ldsux cas, de gérer un équilibre entre les
réactions principales de charge/décharge et lestioda secondaires de production
d’hydrogéne et d’oxygene par électrolyse de I'eau.

Nous avons abordé ce travail de thése sur l'accatewl au plomb avec quelques
interrogations sur l'intérét d’étudier un systemessi mature et dont le fonctionnement est
sans doute bien connu.

Nous avons découvert un domaine complexe, vivanhogels y sommes immergés avec
difficulté mais passion. Si nous pensons maintemantmaitriser quelques aspects, nous
devons reconnaitre que des questions sans répams@ar se sont accumulées tout au long
de notre étude. Nous espérons cependant avoirlmoditmodestement, a la connaissance du
fonctionnement de cette batterie et a la facon'ud#éider. Nous avons eu la chance de voir
quelques applications industrielles s’engager asldéte de notre travail. Elles sont
principalement les suivantes :

1. Charge rapide avec déstratification précoce

La charge rapide des batteries au plomb ouvertefamteen ceuvre la technique de
déstratification précoce a été congue et réalisée,aomme premier objectif, la charge de
batteries de stockage associées aux réseaux deudien électrique. Il s’agit de stocker, la
nuit, pendant une période de 4 heures, de I'énélgirique produit de facon excédentaire et
donc a faible colt, et de la restituer pendanplaEates de consommation de la journée. Ce
projet en cours de recherche et développementdingar 'ANR, a initié plusieurs projets
d’application mettant en oeuvre cette technique.

Une industrialisation de la technique de déstratifon précoce est engagée par IES-Synergy,
constructeur francais de chargeurs industriels.ldntp en option sur un chargeur opérant
traditionnellement en 12 heures, l'algorithme dstige de la charge permet de rendre la
batterie opérationnelle en un temps de 4 a 6 heures

Une version plus sophistiquée de I'algorithme, preren compte la dérivée de I'acceptance
de charge, a été congue pour gérer la charge ra@slatteries au plomb ouvertes a des
régimes hors normes de l'ordre de I'heure. L'agilan visée est une charge méridienne,
permettant d’augmenter l'autonomie quotidienne dbms électrique. Des essais sont
envisagés prochainement dans le cadre d’'un prejgtadsports électriques urbains.

2. Multibat et faibles courants

L’architecture de batterie a trois branches pdeslégérées individuellement (Multibat
Stationnaire) associée a la mise en ceuvre de daibbeirants imposés, est en cours
d’expérimentation, en vraie grandeur, dans sixgmsburces du réseau EDF. Ces postes sont
situées dans la région parisienne et le sud dealacE.

Plus récemment, la Direction de la Production Hytigae a décidé d’adopter cette nouvelle

technologie pour des batteries de secours asslaagécurité des ouvrages de production
hydraulique. Vingt systemes seront réalisés ealiést au cours du deuxieme semestre 2009.
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LEAD ACID BATTERIES IN EXTREME CONDITIONS: ACCELERATED CHARGE, MAINTAINING THE CHARGE WITH
IMPOSED LOW CURRENT, POLARITY INVERSIONS
INTRODUCING NON-CONVENTIONAL CHARGE METHODS

Abstract

Three main applications of lead acid batteries stegting, lighting and ignition batteries, motive
batteries and stationary batteries. Increasingdie to the global climate change and the sustdéna
development open new applications for the energrage using lead acid batteries: electric transport
renewable energies such as photovoltaic and wirid,sgorage, quality and emergency supplies. In
some cases, new applications need new chargethlgsriVarious studies were conducted with lead
acid batteries in extreme conditions: acceleratetge for vented batteries, maintaining the charge
with imposed low current for stationary batteriesl aleep discharge with polarity inversigk.new
charge method for accelerated and fast chargeladdd lead acid batteries was developed. A new
method of maintaining the charge with imposed lawrents and periodical charges was tested on
different technologies of lead acid batteries.ds the advantages of reducing drastically corrosibn
limiting water loss due to corrosion and the nelegeriodical charges.

Keys words
Lead acid batteries, fast charges, stratificatiself-discharge, float charge, intermittent charge,

corrosion, deep discharge, polarity inversion.

ETUDE DU COMPORTEMENT DE BATTERIES AU PLOMB EN CONDITIONS EXTREMES :
CHARGE RAPIDE, MAINTIEN EN CHARGE PAR FAIBLE COURANT IMPOSE, INVERSIONS DE
POLARITEINTRODUCTION DE PROCEDES DE CHARGE ATYPIQUES

Résumé

Les trois grands domaines d’application de batieasie plomb sont les batteries de démarrage, les
batteries de traction et les batteries stationsaites évolutions des marchés, notamment celui de
I'énergie, ouvrent de nouvelles applications declsige par accumulateur au plomb: transports
électriques, énergies renouvelables dont éoligohetovoltaique, stockage réseau, qualité, secours.
Dans la plupart des cas, les contraintes de I'epiptin ménent a revoir profondément les algorithmes
de charge Nous avons mené différentes études sur les battarie plomb dans des conditions
extrémes: charge rapide pour batteries ouvertedtiera en charge pour batteries stationnaires,
décharge profonde avec inversion de polarité. Aipde ces travaux, un nouvel algorithme de charge
rapide avec une phase de déstratification précété mis au point. De plus, une nouvelle méthode de
maintien en charge par faible courant imposé aesti&e sur différentes technologies de batteries au
plomb. Elle montre plusieurs avantages en termegsédection importante de la corrosion, de
diminution de la perte d’eau due & la corrosiodeebesoin de charges périodiques.

Mots clés
Batteries au plomb, charges rapides, stratificat@mto-décharge, floating, charge intermittente,
corrosion, décharge profond, inversion de polarité.
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