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FOr every generdaliZaron tnere s arleasi:one excepiion
* And this holds frue for all The generalizations in fhis presentation

The first rechargeable lead acid battery...

* Invented in 1859 by French physicist Gaston
Planté

* The battery consisted of two sheets of lead
(assume Pb & PBO,) held apart by two strips of
tape, rolled info a cylindrical shape and
Immersed into a solufion of 10% sulfuric acid
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BATER NV PESTSHENINCIOEY:

IWO BASIC Lead ACIa Barierny Ivpes
* 1) Wer cell

- MW@&@E@&W OOTN Use liquId elecTrolyTe — Serviceanle (vent ca
maintenance free (sealed with safety valves)

* ?2) VRLA Valve-regulated lead acid batterie

— Electrolyte is immobilized by a gel or absorptive glass mat (AGM)

— Each cell contains a one way self-releasing valve to handle overcharging /
a1e

— Sfructure uses oxygen recombination in iImmobile electrolyte 1o replenish w
supply
- SLA Sedled Lead Acid batteries are in this category
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BATER NV PESTSHENINCIOEY:

larger applicanons Proauce adiiereni PRYysICAl &CelECINICAlSPECS
* Stariing Bariery.

— Low infernalresistance — very high currents for snort periods of fime

— Thin plafes — typica N

* Deep Cycle Battery

— Provide a lower but steady level of power for a longer period of fime than startey
batteries

- Longer life cycled 30 — 60 % of capacity
— Thicker plates typically 1.5 to 3 mm
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BATER NV PESTSHENINCIOEY: Sl

larger appIlICAarons Proauce aliiereni PRYysICAl & eISCINCAlSPECS
* INAQUSTNAl & special purpose

- Take deep cycle further fo provide steady power over a longer period of fime
than deep cycle batterie

— Usually higher capacity more cycles to e

d of life and longer life

— Thicker plates § to0 6 mm or more
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BAlERAyEESSSNENINEIOEY il

SOme Baiiery lerminology.

* CCA Cold Cranking Amps — spec primarily for starter motors - numler of

amps aelivered ar 0 © F1or 30 seconds with a ferminal voliage greaier inan
/.2 volts. And no it can't be equated to amp hours — chalk and cheese.

* Capacity —is the fotal amount of electrical energy available from a fully

charged battery. Its value depends on rate of discharge, temperature,
battery condition & age and the recommended end of discharge voltage

°* Ah Amp hour - this current fimes fime unit is the amount of energy put Info /
taken out of a device. It is also used as measure of battery capacity - u
defined as a constant current drawn from a battery over a 20 hour disZi
period (.05C)to reach the manufacturer’'s defined end terminal vol’re

* Crate - the rate at which a battery is discharged relafive 1o its maXimum
capacity. Fora 1 Ah battery 1C would represent 1 amp for 1 hgur, .2C would
mean 200 mA for S hours.
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BAlERAyEESSSNENINEIOEY

SOME more Batiery [erminology.
* State of Charge (SoC) — Equals the remaining batiery capacity in %
* Cycling —The ability 1o charge and discharge a patiery repeatedly

* Depth of Discharge (DoD) — the amount of charge removed from a battery
typically expressed as a percentage of ifs total capacity.

* Deep Discharge — Battery voltage under load falls below the recommendeg
discharge cut-off voltage — significantly shortens battery life

* Self-discharge — Capacity loss during storage due to internal curren’r a

* Sulfation — growth of insoluble lead sultate crystals inhibiting ion exchdn

* Float Charge — A configuration where the battery and load are germanently
connected in parallel with a charging source.
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BATiENyAEhYSICAlSTUCTUIERSNEHETIISITY.

FIATes & S ePAraiors

* A plate’s center @ggﬂggj-e‘sg;- aa |||)

* Positive plates (anode) are formed with a lead-
GRID WITH anfimony or lead-calcium alloy with lead oxide

PASTE=PLATE
SRS EEAT pressed into it (PL0,)
* Negative plates (cathode) are made of poro/

lead

SEPARATOR * Separators insulate plates

— minimal thickness

- chemically porous

— resist penetration by burrs

or dendrite growth
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BATTER IPRYSICESTTUCHUIE SR @R ETISIY,

Bairery €nemisiry.— ine reversiole eleCiroCnemICal redciion

* While 1he parh through an exiernalload or charger s elecirical, tne pain
rthrough the baftiery is a chemical ion exchange. For every eleciron that
flows through the load there is an infernal opposite ion flow through the

electrolyfe. The same amount of current flows in each patn

* Electrolyte af full charge is typically 35% sulfuric acid 65% water

Janl7 A Bit About Batteries 10



Baieny FRYSICESIUCTUEI S @IENISITY, i

Discharching

Batrery. €Chemistry.— DIscharging

* |ead sulphate is formed at boTth
electrodes and sulfuric acid is
removed reducing elecirolyte
Specific gravity

* Anode - Positive Plate /Terminal

- Lead dioxide (PbO,) Is converted
to lead sulphate (PbSO,)

* Cathode - Negative Plate /Terminal

- Lead (Pb) is converted to lead -
sulphate (PSO,) Y e

* The reaction causes the sulfuric
acid elecftrolyte to be consumed

turning H,SO, in H,O Reduction Oxidation
e - Reaction / Reaction
Janl7 A Bit About Batteries 11



sleffiSpA EnsleellSifueiue & CriSnising -

Battery. Chemistry.— Gharging Anode + Rl ~ Cathode
* [ead oxide Is formed at the anode.
Pure lead Is formed atf the cathode
and sulfuric acid is liberated into the
electrolyte causing an increase in Its
Specific gravity

* Anode - Positive Plate / Terminal

- Lead sulphate (PbSO,) is converted
tolead oxide (PbO,) S ARG R

* Cathode — Negative Plate / Terminal

- Lead sulphate (PbSO,) is converted
to lead (Pb)
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Baliteny/ RPRYSICAISTHUCTUIE RS G ERIISITY.

MaINTENANCE ITee PATTEry CONSIAErArons

-

Janl7/

Gasses generared auring charging are recomnined in an “oxygen cycle™

gen Is generarea ar 1ne positive plare and recompines with nyarogen
being generated by the negative plate and forms waterrestoring the
electrolyte volume

If the charging rate is foo high overcharging resulfs in more oxygen being //

generated than can be absorbed. A safety pressure release valve opens
vent the gasses at the expense of reducing the elecirolyte volume. Wi’r
repeated overcharging eventually the battery loses significant eleciroifte
and will ‘dry out’ losing capacity
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RlSSpgllplisle) Sielis @f Cplelcels (S0C)

INO METNOA pProviaes a preciseinaicarnon alinave cavears

.Jaciu}yie SPECITNIC graviry & S0C

T OmeTer measurement Is reasonably accurare but can only Oe used on veniea
a erles

— As battery accepfts charge sulfuric acid get

denser so specific gravity increases

— As battery discharges H,SO, is removed from the electrolyte & binds 1o the plas

forming sulfate so the electrolyte density becomes lighter
* Specific gravity can vary with application /

— Deep cycle batteries use a higher H,SO,concentration for a SG of 1.33 or moyé
— Aviation batteries 1.285
— Traction batteries for forklifts 1.280

— Starter batteries for vehicles 1.265
— Batteries for standby applications 1.225 to reduce corrosion and prolong life
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BlSiSpalinliglef Sirelisr @i Epleirels (H0C)

EIECTTOlyTE SPECITIC gravily & SOE (coni-a).
* AISO varies somewnar with manuraciuring marierials
And varies if the fluid levelis low or overfilled
* And becomes more dense as the femperafure decreases
* Electrolyte stratification also causes errors

- High acid concentrafion raises terminal voliage

- Electrolyte needs 1o stabilize after charge or discharge
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BiSiSpgligligie) Sreliss af Crieicels (Sa9C) s
Elecfirolyte specific gravity & SeE (confid)

o From 1rojan Oatiery Site Bt nere i ng(;':zztgéat\gty Open-Circuit Voltage
Charge 800 F 6V 8V 12V 24V
100 3200 6.37 8.49 1203 25.46
90 1:258 6.31 8.41 12.62 25.24

80 1.238 6.25 8.33 12.50 25.00
70 1.21¢ 12.37 24.74
60 1.195 12.24 24.48
50 1172 12.10 24.20
40 1.148 11.96 2392
30 1.124 11.81 23.63
20 1.098 11.66 2332
10 1.073 11.51 23.02

NN NN\
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DETEMININGSICIEICINeHEITENSE®)

lerminal voliadge measuremenis & soe
* Simple but noT very accurare 1or lead acia baireries
el materials and manutaciuring techniques create signiticant variations

- Charge agitation — charging or discharging distorts readings
= Batfery must be open cckt & at rest foré fo 24 h to attain equilibrium before measuring

= Time required to neutralize voltage polarization & the open circuif test condition Makey
measuring difficult for batteries in use
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BlaiSfpgliglinlef Sielie af Erleiele (SaC) vl

lerminal voltage gattary Bty
measurements & So 6.8

* Open circult ferminal
voltage vs. SoC
estimate graph after
pattery rest

13.5

6.6

For example @ 12V
SoC Is between 30 &
45%

And here's another
grapn...

Terminal Voltage

60 80
Residual Capacity (%)
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Blsiefpglilinle) Sielis af Cpicireje (SaC) il

Terminal voliage 12V 6V
measurements & Battery Battery

14.00 ~ 7.00
S0C o & 58 (20PC/68°F~25°C/77°F)
* Again for a different g o] — <
battery open circuit = . ' L N
terminal voltage vs. [ e == \\*\\\\\\\ -
SoC estimate graph é 12.00 6.00—-\\\\\\\\\,\ s
affer baftery rest = 5 75>\-- o1
S .
* @12V SoCis % 11.00 |-5.50
between 10 & 45% % .
10.00 - 5.00
0 20 40 60 80 100

Residual Capacity(%)
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Yalli=elNelelrels & Sulielien)

self-discharge

* A barrery's Capacity 10ss during storage resulting irom internal current ieakage
OeTween Positive ana negarive plares

* Rafe depends on batte ngjmg]lgﬂ fefe[cN from albout 2 10 5 % per montn
* Rate increases with femperature doubling every 10 °© C above 25 ° C

* Rate increases with battery age
* Self-discharge mechanism

— The discharged state is the thermodynamically stable state for a battery /

- Over time the lead and lead oxide plates react with the sulfuric acid in the eI r
to form lead sulfate. Af the same time oxygen is created at the positive eI Grodt
and hydrogen at the negative producing water that is added to the ele Iy )

- PbOQ+HQSO4 — PbSO4+HQO+]/202 Oﬂd Pb+HQSO4 — PbSO4+H2

— The rate depends on battery construction, temperature, & electrolyfe concentration,
the lower the concentration the slower the process
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YEIF@ISChENgersasul@iien

sulrarion

* AnINcrease In a bariery s internalresistance
causea by the tormation of large insoluble

sulphate crystals on the battery's plate which
cannof be readily converted back to lead /
lead oxide and sulfuric acid during recharge

* Caused by...

- leaving or storing a battery in a partially charged
state or not fully charging the battery

- Cycling a battery in the middle of it's capacity
range without fully charging

* Only a portfion of the batteries rated capacity
remains
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YEIF@ISChENgersasul@iien

oulrarnon
* Can suliated pafieries be recoverede.
- Usually the damage is ireversible
- Sometimes at least partfial recovery is possible:

— Breaking down hardened crystal sulfate and dissolving the crystals backinfo the
electrolyte can somefimes be accomplished by charging the batfery with a low:

current at a higher than normal charging voltage (2.5 V/cell 158V fora 12V

battery) over a long period (many days to weeks.

* Personal view on recovering sultated battery & the great number of sglutioghs
In The market place

- Pulsed solutions don’t work very well — good place for that movie clip
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pleff[SpY LliS & F

bairery Lirte 1aciors
* Baftery consfruciion - service fype — cycling - femg

<

ENO
* Offen defined as 60% or less of capacity when new
* Capacity at which the baftery no longer meets an application’s needs

C

* Time fo end of life — it depends on a number of factors ...
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BATEen

Liieissmeleifars Ingleeleiifie) [ il

Cycling depth 120
Versus batrery - 100 [ TS —
. : 3¢ |
service life > -
* Repeated deep §
discharging will S |
60 : , : :
dgmgge the g Discharge Discharge Discharge
battery & result in = Depth 100%  Depth 50% ’J Depth 30%
: 8 40 | |
early failure &’ 1. Discharge Current 0.2C (Final Voltage 1.7V/Cell)

20 2. Charge Current: 0.1C | ' |
3. Ambient Temperature: 20°C to 25°C (68°F to 77°F)

600 800

Number of Cycles

200 400 1000 1200
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slelfiSpA tiis S elefefs Innlecieiirie) [ il

lemperature &
Service Lifre
* More about thisin

the Temperafure &
Batteries seciion

N
o

End of life defined as 60%
- of rated capacity

N W ANON® 5

N
T
®
£
®
=
=t
®
L
>
B
@
n

N W oo~ =

30° 40°
Temperature (°C)
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[Emperaivrersepailienie.

Barrery ferminal voltage remperarure
coeflficient

* Terminal voltfage does not change with
temperafure when the bafttery is fully
charged.

* The table below shows the temperature
coefficient for a 12 V battery versus SoC
and electrolyte specific gravity

SoC SG % W/W tempco

0 10
Sulphuric acid concentration (% w/w)

Figure 1.10 Relationship of temperature coefficient of e.m.f. with
sulphuric acid concentration in lead-acid battery
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[EMPEraure & Bahienes

Barrery rerminal volfage temperarure Coeicient

Table 1.6 Electromotive force and temperature coefficient of voltage for various concentrations of sulphuric acid electrolyte in the
lead~acid battery

Sulphuric acid E
concentration
(% by weight)

Temperature coefficient, dE/AT
15-25°C 25-40°C 15-40°C

Decrease in e.m.f.
(V) with 25°C
temperature rise

Janl/

0.097
0.196
0.487
0.970
1.920
4.67
8.92
16.39
21
22.72
28.16
29
32.88

0.00044
0.000 39
0.000 34
0.00029
0.000 26
0.00021
0.000 16
0.000 10
0.00007
0.000 06
0.00001
0.00001
0.00000
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0.00043
0.000 39
0.000 33
0.000 30
0.000 26
0.00020
0.000 17
0.000 11
0.00007
0.000 06
0.00002
0.00001
0.00000

0.00044
0.00039
0.000 34
0.000 30
0.00026
0.00021
0.000 16
0.00010
0.00007
0.000 06
0.00002
0.00001
0.00000

0.0109
0.0098
0.0084
0.0074
0.0065
0.0052
0.0041
0.0026
0.0018
0.0015
0.0004
0.0003
0.0000




[EMPErEiUe s bEiiEHeES cdla

Cnarge elciency & remperaiure Compensaied cCharging

* AsTemperaiure rises pairery elecirochemical aciivity InCreases (Charge
effciency Increases)
* As temperafure rises charging volfage should be reduced to prevent

overcharging. As femperature falls charging voltage should be increased 1o
prevent undercharging

* Temperature coefficient depends on battery manufacturing typically 3-
AmV/° C

Janl7 A Bit About Batteries 28



oerature & Bafferes

Capacity.vs. ampient
remperatrure

* Capacity decreases by about 1%
per ° C as the temperafure Is
lowered below 20 ° C

Janl7/ A Bit About Batteries

Percent of Full Capa city

—_

E-R-R-E-E-R-E-R-R-R-

Slower dischame

Moderate
discharmge

Fast
dischamge

Temperature (Celcius)
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SMPEIEUETSSBRITENES wllla

Service lire &
remperature’s Impact

* Battery service lite Is
approximately halved
for every 10 ° C increase
above 20 ° C.

N
o

End of life qefined as 60%
of rated capacity

N W BOON® o

Service Life (Years)

Self-discharge change
with tfemperature
* Significant impact

detailed in the Shelf Life
& Storage section next...

bW BN

30° 40°

Temperature (°C)

/
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Shelr Lire

* The auration a batiery can pe Kep1 in storage and still retainit's aoility 10
provide a specified performance

Storage fime determined primarily by...

* Self-discharge rate

* Temperature
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SHEIFLTES&STPIEETE il

STOrage guidelines 1o preveni permaneni-aamageironm sulianon
* Disconnect the batiery irom all loads

* Store batteries in a cool location 10 - 25 = C away from any heat sources.
Storage at higher tempera accelerates self-discharge. Doubles every.
10 ° C above 25 ° C

* Recharge batteries as soon as possible after each use before storing

* Store batteries fully charged

* Recharge every 6 months or when battery is at 60-7/0% of capacity

Storage temperature significantly changes storage fime
* Time halves for every 10 ° C. above 20 - 25 ° C.

* Time increases at lower temperatures ... see graph following slide
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SNEIFLTENSESTOIETE

Green snaced aread snows BKIIFOBJECTIVES:

Sforage s

No supplementary charge
required (carry out supplementary
charge before use if 100%
capacity is required)

Supplementary charge required
before use. This supplementary
charge will help to recover the
capacity and should be made as
early as possible.

ooooooooooooooooooooooooooooooooo

Capacity retention ratio (%)

50 = 5 | | = Supplementary charge may often
14&9 gg,c gg,c fail to recover the capacity. The
| ( F) (86°F) | ‘( 2 ‘ battery should never be left standing

until this state is reached.

8 10 12
Storage period (months)

14
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Ihe mManuUifaQCTUrer's Spec
Says Xx Ah pUT...

* Most manufacturers rate
battery capacity at C/20

13.0

12.0

S 110
Rate of discharge ‘8"
significantly changes a 8
>

battery’s capacity.

The relationship between
battery capacity and
discharge current isn't linear
less energy is recovered at
faster discharge rafes (read
about Peukert's Law)

—

b—

'—

b

For 12V For 6V
Battery Battery

6.50

6.00 |

5.50

5.00

3.50
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elnicp% Cleleleleiiy & Pliseplelfels Relfs:

And lemperairure...

* Capacity decreases with
decreasing femperature

Capacity (%)
o
AN

68 86 104 122(°F)
10 20 30 40 50(°C)

Temperature

Janl/ A Bit About Batteries 35



Baiieny CherdinegVIEeEs il
Battery performance & service life dependion conirolled/charging

Standard Mulfi-stage €harging S s
BUlk Charge e g B e
charge | I charge

* Constant current is applied,
battery voltage rises

Taper Charge

* Constant voltage applied,
battery current tapers off

A\

Current (A)

Floaf Charge

* Voltage is lowered —

compensates for self-discharge
Janl7 A Bit About Batteries 36



plelrejinief Mleinleels il

Lonstant current snould be IImiftea 10 about U.6C and NEVER USEAd ds d single meitnoa
* Baftery charges 1o around 70% 10 80% of Ifs capacity in this mode
* SWITChEs 10 Taper charge as The target cell voliage Is achievead
Constant Volfage (Taper Charge

* Good for finishing a charge. Current will faper off to C/100 fo C/200 and remair
stfeady when the battery is fully charged

* Not suitable for initial charging unless current is limited — can result in very high c
e

— Canincrease battery temp - cause outgassing & permanently damage the bgf

* Target voltage is manufacturer specific but will be between 2.3 and 2.45 V ger
13.8 and 14.7 volts for a 12 volt battery

Float Charge

* Constant lower voltage 2.25 - 2.28 V/cell 13.5 to 13.7 for a 12 volt zattery
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slelfSp C pleire]ipie) MiSiinieels il

Cnarging EIfciency.

* It discharged Dby over about 15% O CApACITy on recnarging most oarieries will
need about 105% fo 115% of the amp hours removed fo fully recharged

* Shallow discharges 10 % or so recharge less efficiently

Overcharging

* Charging at too high a rate or forcing more energy into the battery ’rho
required to replace a charge constitutes overcharging.

- C?ouses grid corrosion & outgassing, both permanently reduce batterygeryce

life
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VIEGSUNNE BEER CEPEEly:

©One Mernoaology.

* Computerized Baftery Analyzer (CBA)
rrom West Mounfain Radio

- Constant discharge current 10mA — 40A

—  Aufomatic shut off with user selectable
low voltage cut-out threshold

* Used sparingly as each run removes one
deep discharge cycle from the battery’s
service life

* Provides a graph of battery voltage vs. Ah

capacity like this... /
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MSeUrlsle) Elelfisiry Celeielc]iy

—— PowerSonicPS121000U: 6 Lead Acid cells, 100.0 Ah @ 5.00A

. Graphs battery terminal voltage versus amp hours
Cursor shows terminal voltage
1200 and amp hours at any interval
along the plot line
% PowerSOniC ]2\/ ]OOAh ;::::;6?;)33;%:;1;1000&6Lead Acid cells, 100.0 Ah @ 5.00A
U2 i o battery being discharged yais
5 at a constant rate of 5 \
. >> amps with a cut-off
(T) VOHOge set to 10.5 volts End measurement is
—_—
oot 5 81.98 Ah at 10.4%9V
o
Amp Hours
& oﬁl \Q,o&' | @séf"' | %n_y”' | @&' | 6@*" | @%@\I é@“' & %f"

AmpHrs
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BATIERIVIVIRSTSEUSETUINIPS il

Bartreries snould NOT e STored 6N A CONCrere 11oor:
* Moaern barieries are No1 Narmea or discnarged in any way but ’nisioricauy. N

- Veryfirstbatteries consisied of glass cells enclosed in atardined wooden ox.
damp floor swelled the wood breakir g the glass cells

— Nickel-ron battery (Edison cell) was encased in steel & those nof isolated in crafes
would discharge into concrete

- Early batteries were encased in a somewhat porous rubber that often contai //
carbon. Moisture it the concrete floor in combination with the carbbon in theL£as
could create electrical current between the cells

When buying a lead acid battery

* Check the terminal voltage. If under 12V leave it on the shell.
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RIUMNIeRIBEERNES

FISTOrY.

* In 1980 at Stantord University Ned A.
GOoasr ’ull €1 al ana ar J,dqrs.l Jonn
Bannister Goodel lS)U.«JI’) coicnl
Mizushima invented lithium ion’s cobalt —
oxide cathode & lithium metal as |
anode. LiICo, was the first stable material
that made lithium cells viable

* First commercially infroduced by Sony
Energy in 1991

John Bannister Googdenough
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Liniumen BaiiEenes

Battery market in 2012 (M$)

Marker share
* Graduadlly

Janl/

replacing
lead acid as
R&D
Investment
continues fo
drive cost
ole)igNe[gle
Increase
capacities

Source: B3, a

consulting company

in Japan

. 1
Other Applications 8000
Marine

16000 -

Medical devices

m Wheelchair 14 000
m Medical Cart

12 000
B Other Stationary
B Seismic

ES5

w Other Stand-by
m UPS

m Telecom

| Other Motive
m Forklift

m Power Tools

m E-Bikes

Lead Acid

LI
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LIRIUMNGRNEE]S

Key ATlroures
* Lignhter tnan orherrecnargeaple batieries for d given capacity
* Low sell discharge about 1.5% per montn or less
* High discharge currents while maintaining ferminal voltage
* Partia arge does Nof WW’
* No memory effect
* Flexible packaging
* Longer life cycle than lead acid
* High charge efficiency close to 99%
Issues
* Poor cycle life especially in high current applications
* Internal resistance increases with cycling and age
* Safety concerns if overheated or overcharged
* Poor charging efficiency at low temperatures
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HiglYgerlop) €SIfFefp) FelSfOfs

vlir
* 18650 cells (18mm diametfer by 65 mm length)
* Capacity increasing with R&D effort

-~ ~

elflele

* Variants for high & mid rate

* Offers good cycling ability & long litfe

* Drawbacks heavy & low packing density
Button Cells (Coin Cells)

* Infroduced in 1980's

* Most not rechargeable

* But some rechargeable but not vented so can swell if charged too rapidly
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YifgllYgnl lop) Selfisiy Felfaf) FeISIOfS

Frismaric Cells
* Infroduced in early 1990's.
* Rectangular layered cells in metal e

Cathode

* Principal applications cell phones, tablefs,
low profile computers

* Typically 800 — 4000 mAh & formed to fif an
application

* Beftter packing density than cylindrical but
more expensive 1o manufacture, less efficient
thermal management and may have shorter

cycle life /
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Fouch Cells (Folymer Cells)

Janl7/

+
FP161227

Infroduced In ec

20161227, VA1 9FFPACOOZ v
e i A123% g
by

Extremely space efficient 90-95%
Flexible foll type case
Eliminates metal enclosure reducing weight

Light weight 20% lighter than prismaftic

Lower manufacturing cost

Mostly Li-polymer (LiPO)

Unlimited user designed form factors
Bag or sandwich of polypropylene and aluminum heat sealed around guter edge

Can swell (gas generation not vented) typically 8-10% over 500 cycles but can be

significant if overcharged
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Name LCO LNO NCA NMC LMO LFP LTO
ltems Lithium Lithium Lithium Nickel Lihium Nickel, Lithium Lithium Lithium
Cobalt Nickel Cobalt Manganese Manganese Iron Titanate
Oxide Oxide Aluminium Cobalt Oxide Spinel Phosphate
Oxide
Cathode LiCoO2 LINiO2 Li(Ni0,85C00,1  Li(Ni0,33Mn0,3 LiMn204 LiFePO4 e.g.: LMO,
Al0,05)02 3C00,33)02 NCA, ...
Anode Graphite Graphite Graphite Graphite Graphite Graphite Li4Ti5012
Cell 3,7 - 3,6V 3,65V 3,8 -4,0V 4,0V 3,3V 2,3—2,5V
voltage 3,9V
Energy 150mAh  150Wh/kg 130Wh/kg 170Wh/kg 120Wh/kg  130Wh/kg 85Wh/kg
density /g
Power + 0 + 0 + + ++
Safety - 0 0 0 + - 4
Lifetime - 0 - 0 0 - 4+
Cost -- + 0 0 + + 0
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Key

* Graph shows watt hours per
ifer versus watt hours per
kilogram

* Crosshatched regions are
emerging fechnologies

* LTO Lithium Titanate
* LFP = Lithium Iron Phosphate
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Smaller

Ref: 18650; 4.0Ah
900

800
Ref: 18650; 3.45Ah

=
700 \ New Materials
Ref: 18650; 3.2Ah

600 Ref: 18650; 2.6Ah

Ref: 596080

d _ " Ref: 454261 Polymer
500 Prismatic |j-lon

o

AR

o

{

200 [H‘

LTO
100 ’

Lead-Acid

Ref: 553450 1.15Ah

100
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Cy [narncal 166o0 Sk Total Supplier Overview

3.0Ah“& 30A

* Remain a
significant
portion of the
overall market

25A

20A
18A

Mid - Rate

B High Capacity

Capacity
INnCreasing over
time started af

15A

Discharge Current (C-Rate or A)

1.3 Ah how > 3.5 e
Ah 6A |
Variants 20650 ‘ / | 26Ah 28Ah 3.0Ah 3.2Ah 3.5Ah

high-rate power v
TOO'S 2] 700 mld_ 13Ah 15Ah 20Ah 22Ah 24Ah 2.6Ah 28Ah
rate auto apps Capacity (Ah

3.2Ah  3.4Ah

3.0Ah

/

3.6Ah 3.8Ah

A Bit About Batteries



EVOIUNGR IR LN eRN@E!S illa

PRysiCal and cnemical @avances il SPECIAIMArkerNEEas

* High Rate cylindrical cells have somewhart lower Ah capacity bui Iow series
resistances mean they can deliver 15 - 30 A or more.

* High Rafe polymer & prismatic cells now coming on line

* Mid Rate for E-Bikes compromise rate & capacity use 21700 formant
delivering 3.2 Ah at an 8A discharge rate

* Large format cells 10- 50 Ah for grid applicafions & elecitric vehicles
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SOME KEY CONSIAEranons
°* Unlike leaa acia parreries litnium 1on celis can e et pariidlly cnargea witnout
IMPAcTing capacity or cycie lire
- e life can be extended by nof fully charging a cell
* Cells should not be allowed to

]
dl

B
101G C

el

* Lithium ion cells can’t be left on a trickle charge

Battery life
* Lithium ion batteries do not die completely they just gradually lose capacity
* End of life considered to be 70 - 80 % of original capacity.

Estimating State of Charge (SoC)

* Problems created because of the very flat discharge curve so small changes in
terminal voltage can mean large changes in SoC
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Cells can accepr large

charge and discharge

currents

* Smaller capacity loss with
Increasing load current

than lead acid battery’s
Peukert effect

Voltage(V)

* Small change in terminal
voltage with capacity
during charge or
discharge leading to
difficulty determining SoC

Janl7/ A Bit About Batteries

Discharge Capacity(%)
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* When the cell charges and discharges, 1ons shuttle between cathode
(positive elecirode) and anode (negative elecirode). On discharge, the
anode undergoes oxidation, or loss of elecirons, and the cathode sees a
reduction, or a gain of elecirons. Charge reverses the movement.

Top Cap
(Positive Terminal)

Top Insulator

Steel-Can
(Negative Terminal)

Graphite

Bottom Insulator

Anode Tab
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How 1o sarely . charge Li-lon
Batteries

* Bulk charge battery voltage rises
with applied charge

—  Apply constant voltage based
on battery chemistry, current
imited to between .5 10 .8 C

Saturation charge — current
decreases when the battery
reaches the voltage threshold

- Terminate charge at 3-5 %
Do NOT trickle charge

-~ Causes plating of metallic
lithium at anode which
compromise safety

SNENGIMGHIITRITIN GRS EIIENES

wilha

Current (A)

1.25

1.00

0.75

0.50

0.25

Voltage per cell
w—w— w— e Charge current
Stage 1 : Stage 2 , Stage3 Stage4
Constant current | Saturation I Ready, Standby
charge : charge : no current mode

| | | 5
. . |
| | |

P ] — (gt 4

-— ! |
\ . \/
A |
A : : 3 S
T ¥ | I ;
T ¥ | | o
L Ne : : B
; N Terminate : >
| N charge when \
| N current < 3% of N
| Ny rated current | 1
| ‘\ ] ]
| ~ | |
1 2 3
Time (h)

Stage 1 Stage 2

current decreases t

constant current
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Stage 3
Voltage rises at Voltage peaks, Charge Occasional

Stage 4

erminates  topping charge
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Effects on cycle life wiit
elevared charge voliages
* Higher charge voltages

boost capacity but impair
service life and safety

Capacity (mAh)
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Overcnar Jm g

Prolonged overcharging apove 4.3V for Li-lon designed for 4.2V will plate

metallic lithium onto the anode. The cathode material them ecomes an
oxidizing agent, loses stability and produce bon dioxide gas increasing:
the cell pressure

* Electrolyte vaporizes causing swelling resulfing in delaminafion and bad
contact to internal cell layers reducing reliability & cycle life

* Apple iPhone 3GS LiPo battery

expands due to short circuit
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Cnarging & lemperarure

* Litnium Batrernes ao not readily accepr cnarge ar iIemperaiures oeiow.
ireezing
- Charge only at femperatures above 5 deg. C

- plafing of metdllic lithium can occur on fhe anode during gwwu stg
This Is permanent and cannot be removed with cycllng Batteries with |ith

plating have reduced capacity and reliability /

— Ifitis necessary to charge a cell below 5 deg. C present best practice is to |’r
charge current as temperature decreases below zero 1o around .02 C at ;80 de&g.
C. (over 50 hour charge tfime)

* Fast charging is acceptable in the 5 to 45 deg. C temperature range
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Cycle andlife fime
* [i-lon charged @ 4.2V double cycle life for every .1V reduction in chg. Volt
* Every 50mV reduction in charge voltage lowers overall capacity by 10%

* Charging at 3.92 V per cell eliminates virtually all stress so lower V. not necessary

Charge level . Capacity at full
Disch |
(V/cell) SEEIRe Oy eS charge //

[150 — 250] ~[110%)]
“ 300 - 500 100% Charge Vicell Sapaciy o EapacHy Wit il
cut-off voltage saturation

600 - 1,000

2,400 - 4,000
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summary.

* Lithium Ion cells does Ao NOoT sutter Capdacity 10ss irom parral charging like
ead acid
* Charging cells to 100%

apacity sfresses the batiery requcing cycle lire
* Reducing the charge fo terminafe af 75 to 80% capacity can increase:
battery cycle life by abbout a factor of 6 to 8 fimes.

i

D

* Technique requires charging system cut off at specific voltage avoiding
of the saturation porfion of the charge
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Do impact,on Cycle life

* Impacts virtually all battery
chemistries although the y axis
scale may vary for different
pbattery chemistries

Battery life depends on total
energy throughput

One cycle at 100% DoD is
roughly equivalent to 2 cycles
at 50% or 10 cycles at 10% or
100 cycles at 1%

Expected Average Cycles

Depth of Discharge (% of 20 Hour Capacity)

/
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Charge Condition: 1C to 4.2V, 0.05C cutoff

Temperaj.ure Discharge:1C to 2.75V cutoff
Impact on capacity. |

= -
o N

40°C 25°C

Voltage (Volt)

ERENSIEPENEESR

NN W W e ow W
oo 0O O N A~ OO o

s T el s Pl Ps T alag el ¢ F g
0 10 20 30 40 50 60 70 80 90 100 110 120
Retentive Capacity (%)
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[emperarure Impact on
capacity.
* Compared to lead acia

—
_.-____.-
e
-
-
-
-

-

== Lithium-on (1C)
- « = AGM (1C)
- AGM(1/5C)

Available Capacity (% Rated)
.\
\

20 40

Temperature (°C)

/
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Charts show temperature & aging (Cycling) impact on capacity 7% & elecirode resistance

I T 1 . 1 1

Electrode and Elecftrolyte
Series Resistance

. —9
Cobalt Oxide Electfrode e

Capacity Change 5 >

——Cycle 1 Degradation percentag 1 . . ‘e}
-*-czcleso CroeNo, 25 % 4 | —»—Cycle 1 Series Resistance Chang

—@- Cycle 100 ! e R —— Cycle 50 [ Degradation percentage
2§~ Cycle 150 150 031%  -091%  -1.52% —&— Cycle 100 e 2 = i =
1
|
|
|

=} Cycle 200 0.4 439% | 2035 50 3.06% 6.47% 11.84% 24.78%-
—}— Cycle 250 e L —>¢— Cycle 150 100 750% 14.21% 25.67% 41.45%

' | | | - Coe200 | D e e o
£ - o . (] 5 o
® % = —+— Cycle 250 :
; ' !

250 33.64% 46.09% 59.31% 93.29%
Temperature(C° 25 35 45 55

Temperature(C°
/
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Expected life vs lemp
Expected life (years)

* Calendar life versus 20

SoC & Temperature 18 \\\\\\
* Endoflife=20-30% [N \\\ X
loss of capacity i \\\\\

10

:\

60 70
Temperature (°C)

30 40 50

m— SOC 100% w— SOC 75% m— SOC 50%

/
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SIorage
* Can pe storea tor up 1o 10 years with only moaeraie CapaciTty 10ss
40 o0 50 % SoC af 15 deg. C is optimum
* Partial charge minimizes age related capacity loss while still allowing some
room for self discharge

* Don't allow cell voltage to dip below 2 volts per cell /
- Copper shunts form inside the cell that cause elevated self discharge or lea o/o/

shorts and make the battery unstable on recharge

66
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* Temperafures above 30 deg. C will shorten battery life
* Chart shows capacity remaining affer one year

Temperature 40% charge 100% charge

0°C 98% 94% /
25°C 96% 80%
40°C 85% 65%
60°C 75% 60%

(after 3 months)
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Stare of, Charge
Nel®),

* Impractical to
estimate during
charge

Let battery rest
for several
hours then
measure
terminal
voltage

Flat discharge
curve means
using terminal
voltage
provides only
rough estimate
of SoC.

egilegleliigie) LiipllUerl Belfieny SaC

il

0.0

0.14

0.2

0.34

T T T T 1 2
« 0 © ~ ® o
o o o o o o

AmpHrs
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1.0+

1.1+

Legend

— LiFePO4 1.5Ah @ 6A
— LiFePO4 1.5 Ah @ 12A
— LiFePO4 1.5 Ah @ 18A
— A123 1.1 Ah @ 6A
— A123 11 Ah @ 12A
— A123 1.1 Ah @ 18A
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Coulomp Couniing...more accurare UI ST NOT PENECT
* Measures The charge ana discnarge current 11ow over iime

- One coulomb per second is one amp.
* Needs fo account for femperature aging self discharge etc.

* ‘Smart battery’ calibration needed

- periodic full charge & discharge points

* Accuracy 15— 25 % error typical
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SUIITUR Y- PIACIing mulliple Cellsin series
° £cnarterminal VOITage adepenas on cnemisiry
elgleligle}

* Capacity of each cellin a battery must be made equal to the others
(balanced ) to prevent over charging or over discharging

* Battery chargers feature capability to manage charge on individual cells i g

pack /
* Battery packs provide separate connection 1o each cell 1o enable ba#ahefng
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Barrery Managemeni System/(s) BIMs

* Manages cells or ps.s profeciing fhe batiery irom operarng ouiside s save:
operating ared. For bartery packs monitors eacn cell reporis 10 controlier

— Limits charge & discharge current
- Over voltage during charging - Minimum volfage during discharge

— Opver pressure - Over or Under temperature
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oiare or Charge Neeas 1o be conirolied
* Over charging or over discharging
ussna: unwanted exornermic reactions
emical instability Liis plated to the anode / Cu dendrites
Short Circuifs & high electrical curren
* |ncrease battery tfemperature

Thermal run-away

* Cells stable up 1o 80 deg. C
* Exothermic reactions cause by damage at elevated femperatures

- 120-130C passivation layer Solid Electrolyte Interface on neg electrode gfaphite
breaks down

— AT 130-170 separator melts
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Some closing adyvice
* Don't overcharge

* Don't dllow cell voltages below 2V in discharge or
storage

* Don't place a battery in a potential short circuit
en}r/i_ronmen’r, protect contacts when transporting &
not in use

Cycle Life and Temperature

Slow drop off below +10 °C due to anode plating
Fast drop off above B0 °C due to chemical breakdown

Actual life will depend on the cell chemistry and
the percentage of time spent at the upper and
lower temperature limits

Ideal working
temperature range

—_
0
2
5
£
-
2
>
0

Too wide means lower cycle life
(narrow means wasteful thermal managemen

0 40 80
Cell Operating Temperature (Constant (°C))
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Lithium lon Cell Operating Window

Thermal Runaway

Cathode Active Material Breakdown
Oxygen Release and Ignition

Possible Venting

Exothermic Breakdown of Electrolyte
Release of Flammable Gases
Pressure and Temperature Increase
Separator Melts

No Fires Yet

Copper Breakdown of SEIl Layer

Temperature °C

Anode Temperature Rise

Current Lithium Plating During
Collector Charging
Dissolves Capacity Loss
Cathode Overheating
Breakdown

Py Short Circuit Lithium Plating During Charging

4 6 8 10
Cell Voltage (V)
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ISTOrY.

aevelopea 1nis e NS .‘
* Finding renewed N W ) T D L\,

Interest in
renewable energy
applications
because of ifs
robusthess and
longevity
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CELL DISCHARGING -CELL BEING CHARGED

. Nickel oxyhydroxide Iron and water | Nickel hydroxide turning Iron Hydroxide &
C O n S Tr U C TI O n & water turning into turning into into water & water turning into
nickel hydroxide iron hydroxide | nickel oxyhydroxide pure iron

* Nickel hydroxide cathode
* [ron anode

* Potassium hydroxide
electrolyte (20% diluted
potash

* Charge using CV at 1.65V /
cell. Keep charge current
under C/2
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Key FOSITIVE ATITIoUIES:
® RODUST - Vvery hign 1olerance 10 overcharging & discnarging
Durability & life soan much longer than most other chemistries
Longevity with ele e changes will last 30 to 100 years
* Cycling — low solubllity of reactants in the eleciro
— Battery life typically greater than1 1000 cycles at 80% DoD

* Unaffected by overcharging

* Discharge characteristics
— Battery life not affected by deep discharge
- High discharge capacity batteries typically specified at C/5 not C/20

* Low maintenance — periodic electrolyte topping up & replace‘every 7-10 yrs.
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ANa on the aown siae
°* Heavy weignt
* Low energy density.
- Specific energy 10-25 Wh/kg Energy density 30 Wh/l'is under half lead acid
* Charge efficiency is around 65%

* Discharge efficiency is around 85%
* High self discharge rate 15-30 % per month

* |nifial cost 2x plus lead acid

Janl7 A Bit About Batteries 77



RESOUECELIST]

BIOIIOGrapny:
NP/ /WWW.ETIISTROWEr.comy/inaex.nimi

N1ip:
* hitp://www.irojanbaittery.com/

VWW.CSD-Dattery.com/Iinaex

* hitp://batteryuniversity.com/learn/

* hitp://www.mpoweruk.com/

* hitp://batterycouncil.org/
* www.cdtechno.com/pdf/ref/41 2128 0212.pdf
* Battery Reference Book third edition Thomas Roy Crompton

* www.lronEdison.com
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http://www.efirstpower.com/index.html
http://www.ashiinternational.in/tech6.html
http://www.csb-battery.com/index.php
http://www.trojanbattery.com/
http://batteryuniversity.com/learn/
http://www.mpoweruk.com/
http://batterycouncil.org/
http://www.cdtechno.com/pdf/ref/41_2128_0212.pdf
http://www.ironedison.com/

