


About RightHand Engineering

Services:
e Off-grid RE power system design

e Contract engineering of specialty circuits for
DC power systems & RE monitoring

Products:

 WinVerter™ series solutions for monitoring
residential and community RE systems.
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House Keeping

Please silence noise makers (cell phones, etc.)

Please take time to fill out the workshop
evaluation after the session — it helps MREA
and me to improve.

Some of you may know things about Li-lon
that | may not know. If it can help me or
others in the audience, please speak up.

Try to hold questions to the end so that we
don’t encroach on the next presenter’s time.

Efergy Fair
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Workshop PV9 Goal

Lithium-lon batteries are increasingly being used
for off-grid RE applications including telecom,
homes and RVs. Come hear about real-life
installations and the advantages of Li-lon over
lead acid batteries.

Advanced Level (you’ll need to know the
meaning of volts, amps, amp-hours,

watts/power, watt-hours/energy, impedance)
Eriergy Fair
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Outline
Different types of Li-lon Batteries

Li-lon Safety Issues

My experience of using Li-lon in my EV
How Li-lon compares to Lead-Acid (PbA)
Li-lon Battery Management Systems (BMS)

e Two Li-lon RE case studies

Li-lon Solutions for off-grid RE

Efergy Fair
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RHE
Different types of Li-lon Formats

e Cylindrical

e Pouch

e Prismatic

S
=
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Different types of Li-lon Chemistries

“Lithium lon” refers to a range of Lithium-based
battery chemistry. Examples:

* LiCoO, lithium cobalt oxide
* LiMn,0O, lithium manganese oxide
* LiNiO, lithium nickel oxide

e LiPo lithium polymer
* LiFePO,lithium iron phosphate (LFP)
Many new types are being developed.

Efergy Fair B2
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Boeing 787 Battery Fire

e 2eventslan 2013. LiCoO, batteries.

e NTSB Factual Report published 5/7/13
 Analysis Report due Fall 2014

Tesla Fire
e 2 events Fall 2013. LiCoO, batteries.

e Caused by cell penetration from under
vehicle

[0 Copyright 2015 RightHand Engineering



Li-lon Safety Issues

e Cause of fires — short circuits leading to
thermal runaway, fueled by volatile electrolyte

* Both incidents were LiCoO, cells:

“At elevated temperatures, LICoO, liberates oxygen,
which can react with organic cell components. ... In
contrast, LiFePO, stands up especially well to thermal
abuse due to the strength of phosphorus-oxygen bonds,
Khalil Amine (Argonne National Lab) says. But the
operating voltage and energy density on a volume basis
are lower than those of LiCo00,.”

Assessing The Safety Of Li-lon Batteries, Mitch Jacoby,
Feb 11 2013, Chemical & Engineering News.

Copyright 2015 RightHand Engineering
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Spider graphs from Battery University.com
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Li-lon Safety Issues

Putting the Tesla fires in perspective:

There is an average of 150,000 car fires annual
—1in 20,000,000 miles.

Tesla fires average 1 in 100,000,000 miles.
Teslas are 5x less likely to burn that ICE cars.

Which is more dangerous and likely? A
gasoline tank rupture/fire, or a battery
rupture/fire?

Efergy Fair
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Li-lon Safety Issues

What about LiFePO, (LFP) vs. PbA?

e LFP packs more energy per volume/weight
than PbA, so there is more energy (heat)
created when damaged.

 Which is worse: volatile electrolyte (LFP), or
caustic acid and health-hazardous lead?

 They both have their hazards.

Efergy Fair B2
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IVIy experlence using Li-lon

In 2006 | converted a
GMC Sonoma mini
pickup to electric
using Trojan T145
PbA batteries.

n 2011 | replaced the
patteries with 200 Ahr
LiIFePO,

also design Li-lon off-

grid power systems
Eriergy Fair
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Home Power 153

for Off-Grid
Systems

s lithium-ion technology
a good match for

off-grid RE systems?

by Randy Richmond

For derades, lead-acid basiery sechnoiogy has beon the
mainsizy of baiery-bascd renoweble DTy sSysioms,
providing minble sivmge and ample gy cpadiy. The
most commaon batery used—Aooded lead-ackd (FLA)—
requines regulr wasering b mainiain elecerolyie levels and
venking ko avold e balidup of hydrogen and suliurc gass.
Additionally, FLAs am lrge and heavy, making baisery
repizcement a challenging: (2sk for SOma Syshems.

With all cf the recem action In Bw clecirc wahick: and
pemsonal docsmnics indusiris, e don (LI-ion) e
have gained much aisention. Hom, we aamine Li-ion baisery
pris and cons, and discower why most systes owners won's
ba swapping out their FLA basterics amytise soon.

What's Bahind Li-lon?
“Lithium.-kn™ refersana varery of Bshim-

Sp g

vy EXperience

e bemery cemiries. Bxch ety | Lithium Battery Technologies

has Bs smng and woak poins, which

mezns cemaln sypes of chemEies am — —]

betiersubed dor parcular spplicsions. Lirwum oocal oods Loy, Loa Call >horam, Lpiope, e
Them oontinucs i be new BEhium-besod e L e e i S o
chemisiries being dovelopod fsuch == Lifsum iron prosphals: LFsP0y L Possr ioois, B, rdcl, ottt
Hihiesm-airy, but & |5 ooy &0 il which Lo ik mmncmas: | | Lo - o — Powar ko, G, .

wil bacome commercially viable, Sep the | SEsl ol

“Lithium Bestery Tochnologies” mbie for | L rickel cobatt e SE e, i sk
doall on 3 kow of the more comman e

e oF Li-lom chemissries. Liwun Haria LTy LD ¥, grid wiorsos:

homa power 153 * Iebruary & march 2013

T

for Electric Vehicles

Story & photos by Randy Richmond

In 2007, [ eonverted & CMC Sonoma from lis original gascoline
propulsion o pure s, wsing Aooded kead-acd (FLA)
batserics (ser ~Bom w0 be Wired™ In HP1ZZ). The type of FLA
batserics most comemcnly wsad for BV converslons, golf can
batserics, bawe theee 2 W ocolls and a capacity @nging from
about H0 fr 260 amp-howrs (Ah). Moving ehe ruck's 3200
pounds rquired a higher voltage than she 96 or TH vaks
commonly used For Bghter-woighe wohicles, so [ used 34
batserics for 144 ¥ and an encrgy capacity jas 1007 discharge)
of about 37 kllowesi-hours (KWh).

However, @w batdery weight (@pproximasdy 1,800
pounds) brougie the vehicle vory chess 0 s Sackmem gross
walght of 5000 poesnds. | agpocted my baterios w0 fave a
fve-year life, but In the ehird year, thoy siamed (o show signs
of fallure.
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o perwer 154 = aprl & may 2053
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Lithium-lon Batteries

this articks 4
[ T

The short life bolled down so makreenance 1 know
that e bes: practice for FLA bateries is 0 e-waker them
moeehly IF ey are boing cycled irequemsly (25 shey ussally
are In an EV). The charging procoss causss vapoamation
throegh clectrotysis. [ was usually good at wasering the
Eeitrios, bes on 3 fow oomsions, | postponed I, anly e find
that enough o the cleckmiy e had evaporied o oxposs the
s of dhe load plases o alr. Exposed lead oxddlzes, saking
& harder jor the plaies o ieemac: wikh locirolyie and, thus,
redures shdr capacky.

This undoubiedly comsribuied o a shomer Hie, b
the nadl in thadr coffin ococourred when | was enexpactedly
@liod away for soveral wieks during the ssmmer. In my
original design, a dadly simer was 5ot on the badery charger
50 ensure B aiseries were fally charged before [ lef on
=y moming commute. Wishaut dally driving, the charger
was euoossively charging the basierics. This bollod off a
significars pontdon of the clecirolyie and overhezied the
Etteries, causing shem o swill

1 didn't realize Bk usell 1 eried to drive sy vehicke
and haard 2 “bang” bn the bakery box, and the vehide |ost
power. Several of the basieries In g middle of the pack
{those that got tho hotsost) had swollen—one bad sweallen
encugh o cause an intemal shon cmuk, which ignied the
gEsseE ak the top of the battery. | replaced she worst of the
Emiteries, hoping thas the resaining ones sl had some R
Bui aer wesing, 1 found St all of B msalning ks
mad a significant mduckon in capaciiy—dwe only salution
WS k0 replace dhem all
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Lead-Acid (PbA) vs. Lithium lon

(Li-lon) Comparison
* The “Standard” Golf-Cart . , _
Battery (225 Ahr, 6V wet S i S
lead acid) el
_\/S-
* CALB 180 Ahr LiFePO,
* Sinopoly 200 Ahr LiFePO,

* FluxPower 200 Ahr LiFePO,

The

Energy Fair
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"How Li-lon compares to PbA

Size & Weight vs Energy

Characteristics PbA (Lead Acid) Li-lon (LiFePO, Lithium lon) g
Reference Battery Trojan T105 Large Prismatic g
Energy Capacity (Whr) 1350 608 g
Recommended Max Discharge Depth 50% 70% é
Usable Energy Capcity (Whr) 675 426 %
Volume (cm®)/Whr 9.8 7.2 73% %
Volume (cm?)/Usable Whr 19.5 10.2 52% %
Weight (kg)/kWhr 20.7 10.6 51% g
Weight (kg)/Usable kWhr 41.5 15.2 37% E’

o 55 et e Efiergy Fair BS




Discharging

"How Li-lon compares to PbA

Characteristics PbA (Lead Acid) Li-lon (LiFePO, Lithium lon) 8

Reference Battery Trojan T105 Large Prismatic g
Recommended Discharge Depth 50% 70% 80% é
Cycle life 750 3000 2000 ¢
Recommended Discharge Current (A) 0.2C (45A) 0.3C(57A) E’
Max Continuous Discharge Current (A) 2.2C (500A)* 2C to 3C (380A-570A) %)
Peak 10 Second Discharge Current (A) not specified 5C (950A) :
Min Discharge Voltage/cell 1.75 2.5-2.8 §
Impedance (mQ)/3.2V 2.2 0.5 %

Usable Temp Range, Discharge -20°Cto 45°C -20°C to 55°+C %

% @ - % @ - 5

Temperature Effect igg)%@@ 1287CC. igg’%@@zzoscc. %

Self Discharge (per month) 5-15% 1-3% 2
Eriergy Fair
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"How Li-lon compares to PbA
Charging

Characteristics PbA (Lead Acid) Li-lon (LiFePO, Lithium lon) %
Reference Battery Trojan T105 Large Prismatic §
Recommended Charge Current (A) 0.1C(23A) 0.3C(57A) g
Max Charge Current (A) 0.5C (110A)* 1Cto 2C (190A to 380A) ©

o

2.2/cell Float :

2.45/cell Charge §

Max Charge Voltage 3.65-4.0 2
2.58/cell EQ 3

2.70/cell MAX g

Usable Temperature Range, Charge -4°Cto 52°C 0°Cto 45°+C %
£

Eriergy Fair
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"How Li-lon compares to PbA

Maintenance
 Wet lead-acid requires re-watering 1-3 months.

 Wet |lead-acid requires Equalization charging
every 1-3 months.

e Lead-acid requires cleaning periodically (acid
seeps through porous lead terminals)

(sealed lead-acid has a higher price and lower
cycle life than wet lead acid)

e Lithium lon has no periodic maintenance

(except perhaps checking bolt tightness) . —
. — Energy Fair
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"How Li-lon compares to PbA
Cost

Characteristics PbA (Lead Acid) Li-lon (LiFePO, Lithium lon) %

1S

Reference Battery Trojan T105 Large Prismatic §

Price $145 $255 =

Price/Ahr $0.64 $1.34 3

Price/Whr 0.11 0.42 °

]

Recommended Discharge Depth 50% 70% 80% %
Cycle life 750 3000 2000 g

Usable Energy Capacity (Whr) 675 426 486 %
Lifetime kWhrs 506 1277 973 =

Battery Management System $/Cell 0 S35 §
Lifetime Price/kWhr $0.29 $0.23 $0.30 5
Longevity 5-7 years 10+ years g

= Energy Fair




Summary
Compared to PbA, Li-lon has better:

e Weight (1/3 of PbA)  Impedance

"How Li-lon compares to PbA

e Space (1/2 of PbA)  Maintenance (none)

e Depth of Discharge (70-80%)e Cycle Life (3000 vs 750)

e Low Temperature Capacity ¢ Longevity (10 vs 5-7 yrs)
e Discharge & Charge Power e Lifetime Energy (kWhrs)
o Efficiency & Charge Time ¢ Price/Lifetime kWhr

e Self Discharge

BUT — you do need a Battery Management System.(BMS)

Copyright 2015 RightHand Engin Ng
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BMS Side-bar

Efergy Fair
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What is a BMS?

A BMS monitors the voltage and temperature
of each individual cell to protect them from
excessive charging and discharging.

* When a cell becomes full (max voltage
reached) it bypasses some current around the
full cells until all cells are full.

|t isolates the battery from the charger and/or
loads when things get dangerous (voltage or
temp are too high or too low).

Efergy Fair
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rofile Comparison

3-Stage Lead Acid Charge Profile

BULK 5TAGE ABSORBTIOM STAGE

FINISH 5TAGE

Lead Acid Cell/Battery
Charge Profile.

' Max Charge Voltage

Absorbtion Stage typlCa”y ' Increased L-‘m’taqeé Constant Voltage

lasts 2 hours finishing the
final 20% of charge.

Max Charge Current

Current

Constant Current | Reduced Current

/ps{

! Charge End Current™

F
o
= Float Voltage
gl \
AR R G
3 2 Idle
E I= Reduced Voltage
o
=]
(5]
Y
=y
Float Current
e v
! Mo Current

Lithium lon Charge Profile

BULK STAGE

Ideal Lithium lon Battery
(pack) Charge Profile

Balancing Stage typically |
lasts 10 minutes finishing g Increased Voltage

First Cell Full

i (0}
the final 1% of charge. e p—— —

BALAMNCE STAGE
FINISH 5TAGE

- Max Charge Voltage

Idle
Reduced Voltage

Last Cell Full

— Balance Current

Float Current .

Constant Current

Mo Current




BMS/Charger Interface

For ideal Li-lon BMS integration, the charger
should know:

1. When the first cell is full (or hot) — so that it
can reduce charge current.

2. When thelast cell is full (or any cell is too
hot) — so that it can terminate the charge.

Both of these cannot be known by measuring

only the charger output. A BMS Interface is

heeded. »
Eriergy Fair
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BMS/Charger Interface

There are no defined standards for interfacing
BMS signals to chargers. Various methods
employed include:

e Binary on/off signals; first full, all full.

e Binary pulse width modulation (PWM) to
rapidly turn the charger output on/off.

e Using the charger’s communications protocol
to control (e.g. CAN-bus, Mod-bus, SunSpec).

Efergy Fair B2
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Solutions for Legacy Chargers

External contactor:

e jsolates battery from charger when any cell
gets too high/hot.

e |solates battery from load when any cell gets
too low.

e Plus high-amp diodes if charge source and
load are on the same bus.

Efergy Fair B2
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End of BMS Side-bar

Efergy Fair
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Li-lon Precautions

NEVER over charge them! A BMS is essential.
NEVER short them!
Don’t place them upside down (any other orientation is OK)

When creating a pack, use cells of same make and model and
of same age (same as PbA)

Store them at 40-60% SOC.

Avoid the combination of high volts, high temp, and time. This
reduces cycle life. Best to charge rapidly when temp is high.

The industry is still learning the optimum way to treat LiFePO,
batteries. (e.g. some say charging to 80% max will greatly
increase cycle life, some say greatly limit charging below 0 °C).

Efergy Fair

Copyright 2015 RightHand Engineering



Is Li-lon ready for off-grid RE?
Good RE applications

 Mobile (RV, Marine) where weight &
space are precious.

o Stationary Off-Grid where cycle life &
depth-of-discharge are important.

* On-grid peak shaving (high cycle)

* Any situation where minimal
maintenance is required.

Efergy Fair
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RE Lilon Solutions Available Today

For New Installations:
e Integrated (Cells + BMS + Charger).
For Existing PbA-based Installations:

* Drop-in Replacement Batteries/Packs (Cells
with integral BMS).

e Add-on BMS (Cells with separate BMS — DIY).
Some are marketed for residential off-grid RE

Efergy Fair B2
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Integrated Solution

Corvus Energy
Pure-Energy Hybrid

Uses RE equipment but
typically not sold for

residential RE applications.

Price ?
WWW.COrvus-energy.com

O
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Tesla Energy, Power Wall
7kW of Lithium Cobalt cells.

350-450V, 3.3kW peak power.

Available “early 2016”.

Compatible inverter available
“soon”.

Price S3000 (S428/kWhr)

Teslamotors.com/powerwall

Copyright 2015 RightHand Engin Ng

In;crated Solution (future)
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Smart Battery

Contains LFP cells + interna
BMS & disconnect switch. |
Available in 12V only from
300 Ahr.

Self-protecting.
$1300 12V, 100Ahr (S1K/kWhr)

www.smartbattery.com g9, SMA KR
- B4 T F

fffffffffffffff

Efergy Fair B2
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Drop-in PbA Replacement Packs

Cased cells + BMS & protective contactor

~S450/kWhr. For telecom sites.
Balgon olbaleor

Corporation

24 & 48V, open or enclosed. ,
:
S450-S600/kWhr. 160 to 2100 Ahr.

Iron Edison |IRON T

12, 24 & 48V, open or enclosed.
$500-$675/kWhr. 160 to 2100 Ahr
Marketing to off-grid RE scenarios

Eriergy Fair
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Elithion

Lithiumate

Uses any Lilon cells.
Add a mini board for
each cell, master
controller & a pair of
contactors & diodes.

S15/cell,

S400 controller,

S430 other

+S450/kWhr cells

Add-on BMS Solution (DY)
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RHE

Case Study #1, Off-Grid Residence

Off-grid home in
ldaho.

DIY owners.

Wanted zero
maintenance & long
cycle life.

Description Cost

System Engineering S 1,000.00
48V, 400Ahr (20kWhr) Sinopoly LFP Pack S 8,640.00
Elithion LithiuMate BMS S 2,467.84
Cables, Breakers, Diodes, DC-DC, etc. S 1,360.20

TOTAL S 13,468.04
Efiergy Fair
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Case Study

1, Off-Grid Residence

4800W PV 1kW Wind 10kW AC Generator
Array Turbine
Protective breakers,
contactors, diodes _BIE $ _‘1’ T
2x16, 32 cells —
OutBack OutBack
200Ahr of v
) o O MX60 PV VFX3648 Charger
Sinopoly | Elithion 0O Wind
_ S Charge : Inverter/
LFP Cells | Lithiu- = Controll Turbine ch
20kWhr | Mate g ontrollers S arger
BMS
A 4
ORIGINAL SYSTEM DESIGN AC Loads
Eriergy Fair

50

Copyright 2015 RightHand Engineering




Case Study

1, Off-Grid Residence

4800W PV 1kW Wind 10kW AC Generator
Array Turbine
5 5
Protective breakers, I? IE
diodes, etc.
[y Tt
2x16, 32 cells
OutBack I— OutBack EV
200Ahr | of Vv Q
) o O MX60 PV VFX3648 Charger
Sinopoly | Elithion 0O Wind
o S Charge . Inverter/
LFP Cells | Lithiu- - Controll Turbine .
20kWhr | Mate g ontrollers S arger
BMS
A 4
REVISED SYSTEM DESIGN — Contactors moved to AC Loads
sources/inputs. ——
Energy Fair
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Case Study #1, Off-Grid Residence,

Lessons Learned
Some power conversion equipment can’t

handle sudden loss of battery load.

Equipment interaction can damage other
equipment that normally can handle the loss
of battery load.

Design the system to avoid disconnecting the
oattery while under change.

f disconnection is required, do it at the

source/input rather than the charger output.
Eriergy Fair
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Case Study #2, Off-Grid Telecom

e Cellular company in Alaska

* The site isinaccessible /\ F’I
most of the year. —

 Needs high reliability, zero
maintenance, long cycle
life, and good cold temp
performance.

e Purchased 3 each 700 Ahr (100kWhr), 48V
Polar Power LFP systems. Also have Polar
Power generator that is BMS-aware.

e |nstalling late this summer. S45K (S445/kWh).. __<
Energy Fair
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" QUESTIONS/COMMENTS?

Please fill out the evaluation questionnaire:

e Workshop PV9: Lithium lon batteries for off-
grid Renewable Energy.

* Presenter: Randy Richmond
e Time/Place: Sat 4 PM, Red Tent

For a copy of this presentation email
Randy@RightHandEng.com

RE manufacturer invitation!

Efergy Fair B2
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mailto:Randy@RightHandEng.com

Additional Resources

Helpful web sites:

e Cadex Battery University
(batteryuniversity.com)

* Energy Efficiency & Technology Magazine
(EETmag.com)

e Elithion web site (liionbms.com)
e EV Discussion List (evdl.org)

Copyright 2015 RightHand Engin Ng
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Workshop PV9, Li-lon for RE

Rancy Richmonc, Manager
_ - @@m(cﬂv.ﬁ}ﬁg[mﬁﬂﬂ@m@ﬂﬁmgo@@m
,- \ ’- [ I wwwﬁg -

Experts in Renewable |
Energy Monitoring S€rvices:
ATRSCLIGERCISURRS I BPSeOTS & Custom Software

Dt

sTurn-KeySsSolut:

l\lumuu System besign

h
“LLLI&LIUL -Tor Manutacturer

|1\

& End Users,

ﬁ%

“?'\ .

- M%:.A
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