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Battery Energy Storage (BESS): Lead Acid, Nickel Cadmium,
Lithium-lon, Sodium Sulfur, Vanadium Redox
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What is Energy storage? [€Fes | QIEEE

® UAINAIUE1T9 LU UPS
* UWEITIY %30 QUNIAINAINITOTIY WA LU Batteries
* gunsalifianunsaszaN WSaNNNUNEIY WU Power Bank

® Electric car

* nNn
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Definition [GFts | QIEEE

® Energy storage = WHAINNIAUNAIIU / LHAIESHNNGI99TY

* szuUAnAUNaIURINeas szuuiasundsaulniy Wuwdsemulugluuy
auiNaazaunasuld wazazgnivdsunaulunasnulnihldiliadenis

————————————————————————————————————————————————————————————————————————

Storing / Charge: Energy storage system Supply/Discharge:
One form of energy i (STUUNNLAUNE997U) Electrical energy

___________________________________

_____________________________________

WISNUNNNAIIY

Production
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Basic Concept of Energy Storage\m@i

@ Current_| (Amp)

7 Voltage_V (Volts)

My~ Resistance R (Ohms)

= Current x time
Capacity (Ah) A31ugln#a ok
=1|x

Power P (W) aaglnn =VxI=IR

9y = Power x time
Energy E (Wh) wasa1ulu#i

(=

= Voltage x Capacity
=(VxI)xh

Source : http://batteryuniversity.com/learn/article/battery_definitions
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Figure of Merits (1) \m@is -
Specific energy density Wh/kg WUl de i wie de Usuns

=> AUINAINUY
Volumetric energy density Wh/liter ?
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Figure of Merits (2)

@} DNIIEIUTEUINNAINUNYLA 69 waserungzauly
Efficienc % - o
4 4 0 => TWnwsalueunlglan %

[}

Tl -

Charge Discharge
Losses Risens
State of charge Depth of discharge Round-trip efficiency Self Discharge Rate
(50C) (DoD)
The current state of a The amount of a battery's capacity that has The ratio of the energy Self-discharge decreases the
battery. been used. Most manufacturers will specify a recovered from the energy shelf life of batteries and
maximum DoD for optimal performance storage device and the energy causes them to initially have
related to lifetime of the battery after input into the device. less than a full charge when
repeated use. Losses includes heat loss. actually put to use.
A fully discharged battery will have shorter
reusable lifespan. A

Source : https://greensarawak.com/things-to-know-before-going-solar/going-solar-chapter-15-know-your-battery/
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Figure of Merits (3) S

JUUASTILAININNUNGIUEINTaInelAranilans recharge
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) Life cycle cycle v &
© 4 4 => 14lanAsa
Power 4 i |
Slow electro-" Opti ,
chemical i oppelrr:tLilr:E i Degrad__;_a_lt_!_on over
--------- reaction | temperature | time~_
Discharge : |
i i b
15 °C| 135 °C v
I |
Chqfﬁ’f \ Optimum _Temperature
| efficiency,
ower | better Increase life
Performance / « rejiapility & o
| capacity ! safety .-CYycle costs

Source: Kandler Smith, NREL milestone report, 2008
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Battery C-Rating (EPes | @IEEE

C-rate: vdagdanszuanlylunisusesyusaddaguszquunmasiiaunuaugi 100%
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LUALADILAASTLR Las Lhazeva >
3.2

Taiwillounu

3.0

0 400 800 1200 1600 2000
CAPACITY (mAh)

Source: https://www.quantumscape.com/resources/blog/distinguishing-charge-rates-for-next-generation-batteries/ and https://www.richtek.com
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Battery Voltage (]

% Nominal voltage: T¥szyiluAuseauiouni %3o81989 vaauunines Jaluaussnunguan

Susaslunisinlulgau
& Cut-off voltage / End-of-discharge voltage (EODV): ﬂ"lLtiaﬁ’uﬁam’ﬁqm’?iﬂau%’u‘lmunﬁﬂdaa

Useqln
% Full charge voltage: wssnugegailauszalnildiiuntuy Fwzlddunisnimaslunisauay

n15Uszalnila

_______________________________ - a- - - Full charge voltage

Nominal voltage

Operating voltage

Voltage

y End of discharge voltage

A J
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Battery Configuration (@es | QIEEE

1.  ualum: Anode: negative (lower voltage) electrode

® (Chemical oxidation occurs (lose electrons)

® Pb, Zn, graphite, carbon, Li, lithium titanium oxide

&
2. uaAlng: Cathode: positive (higher voltage)
electrode
. . . Anode Cathode
® Chemical reduction occurs (gain electrons)
° PbOZ’ LiCOOZ’ SOZ’ MnOZ Electrolyte
3. dénlaslad: Electrolyte
® Separation of ionic transport and electrical SHULERE
tra nsport httpS//)/OUtUbe/Per\/Xq»EXZE4

® Jons to move between electrodes and terminals
®  Current to flow out of the battery to perform
work

® (Can be aqueous or non-agqueous

Source : https://chem.libretexts.org/Core/Analytical_Chemistry/Electrochemistry/Exemplars/Rechargeable Batteries
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Secondary Batteries (]

Pt M v
Y159 nle - [€d
Lead acid nINASNI  op

Nickel Cadmium

Ni-based 22 23
Nickel Metal Hydride } D e A %9 GO
NANUNINE Ni-Cd Ni-MH

Sodium sulfur (NaS)

Sodium Nickel Chloride (NaNiCl) Na-based/ molten salt
GEYETEHH
Li-ion
Redox flow =

&d

Metal - air Li-ion

Source : https://chem.libretexts.org/Core/Analytical_Chemistry/Electrochemistry/Exemplars/Rechargeable Batteries
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Lead Acid Batteries [Epes
Discharge 0.356eV
Pb (s) + SO, =———— PbSO, + 2e-
Charge
Discharge
PbO, (s)+ SO, 2(aq) + 4H* + 2e- #Ché PbSO, + 2H,0 1.685eV
arge
isch
PbO, (s)+ Pb (s) + 2S0,%(aq) + 4H* ——0"%  5phsQ, + 2H,0 2.041eV

Charge




Lead Acid Batteries (@pes

®  Chemistry: Lead and Sulfuric acid electrolyte
® Features
+ Least expensive — Low energy density

+ Durable — Toxic

® Low self-discharge: 40% in one year
® No memory effect
® Limited number of full discharges

®* Danger of overheating during charging




Nickel Metal Hydride Batteries (aps

(NiMH)

MH(s) + NIO(OH)(s) ==—==  M(s)+ Ni(OH),(s)

¢ IEEE

Charge
Discharge
M (s) + H,O(l) + e =—— MH(s)+ OH (aq)
Charge
_ Discharge _
NiO(OH) (s) + H,O () + & === Ni(OH),(s) + OH- (aq) ~9\/
Charge
Metal Hydride (MH) , y
Porous negative Separator Porous positive
electrode electrode
AB, or AB. —
® eg ZnNi, LaNi.  wmetarnysride s o Nickel-hydroxide
e o > active materiai ' 0 ) v it rry\da 'tte”r(iial
dscharge
Vapor space EH_' Nickekfoam
Flller Ocharga; o current collector
oct;)lrl:g:r O/ O O
£ g
Electrolyte Porous barrier +
electrolyte + vapor space

Source: P. Albertuset al., J. Electrochem. Soc. 2008 volume 155, issue 1, A48-A60



¢ IEEE

Nickel Metal Hydride Batteries (aps
(NiMH)

®  Chemistry: LaNi,, TiMn,, ZrMn, (-), nickel hydroxide (+), Potassium hydroxide aqueous

electrolyte
®* Features
+ Higher energy density (40%) than NiCd — Reduced life, discharge rate (0.2-0.5C)
+ Nontoxic — More expensive (20%) than NiCd
® Less prone to memory than NiCd
®*  Shallow discharge better than deep (Degrades after 200-300 deep cycles)
®* Need regular full discharge to avoid crystals
® Self discharge 1.5-2.0 more than NiCd

®* Longer charge time than for NiCd (To avoid overheating)
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Nickel Metal Hydride Batteries \m
(NiMH)

In the case that Memory effect can
repeatedly discharging be eliminated by
a battery of shallow Memory effect repeated ful
depth of discharge discharge
& ——
FPortion of lUsable
repeated use partion
» Full
e usable
nusable
pc:rt':ﬂn
e —

Source: http://www.nipron.com/product_info/encyclopedia/5_3.htm
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Sodium Sulfur Batteries (Na-S) @s

Discharge

2Na+3S  —— =~ Na,S,

Charge

or

Discharge
[ —

ﬁ
Charge

2Na + 43S Na,S,

-Pole(Na) Beta Alumina +Pole(S)

®Na O Net 5 @®NaSx *e

Source: NGK
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Sodium Sulfur Batteries (Na-S) (@#es | PIEEE

®*  Chemistry: Liquid Na (-), liquid S (+), Solid ceramic as the Na+ conducting electrolyte
® Features
+ High-energy density + Raw material inexpensive
+ High cycle life — Production cost
® High operating temperature, > 300 °C
®* (to maintain the electrodes in the liquid state)
® No self-discharge
®  Sodium and sulfur are relatively abundant
® Long duration but slow start up an shut down time
®  Employed world wide by NGK

Source: NGK
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Redox Flow Batteries (RFB) \@?

Types of RFB

Positive Findings Negative Findings
system

® High cell voltage (1.8V) ® Br,is toxic gas
Zinc/Bromide ® Good reversibility ® Material corrosion

® Low material costs ® Short cycle life

® Most successful RFB ® Energy density limited by

® Same metal in both cathodic solubility of vanadium leading to
Vanadium

and anodic electrolytes precipitates

® Longer life span

Source: P. Alotto et al., Renewable and Sustainable Energy Reviews, 2014, 29, 325-335



¢ IEEE

Vanadium Redox Flow Batteries \m@s

14V

Membrane

Electrode Electrolyte Tawk

Source: http://www.australianvanadium.com.au/
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Vanadium Redox Flow Batteries @’E&"‘

®  Chemistry: Vanadium
® Features
+  Long service life —  Low power density
+  No self-discharge —  Many system requirements
® Capable of 10,000 cycle life with minimal degradation >20 year life
®  Power and energy independent
®* Safety (Ambient temperature,
non-flammable, zero emissions
®  No contamination (Electrolytes are stored

in separated storage tanks)

Source: John Ward, REDT Energy Ltd. Dublin. (Meitheal Na Gaoithe Conference, Kilkenny)
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Lithium lon Batteries @’Ef

Cathode

Anode Electric

Lithium-ion

graente Cathode materials
- LCO
e LMO
e LFP
« NCA
____________________ *  NMC, etc.
Anode materials
» Graphite Current collector
* Silicon (copper)
*  Li,Tis0y, (LTO), _ :'"""""“: Current
HE " Electrolyte Microporous : i collector
(liquid) separator | ' (aluminium)
Lithium-ion L so E s |
LiPF, salt in organic Porous polyolefin (PO) composed of
carbonates (EC, DEC, polyethylene (PE) and
DMC, PC, etc,.) polypropylene (PP) membranes

Source: Lithium-ion Battery Cell Production Process, PEM of RWTH Aachen University
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Type of Lithium lon Batteries [GF%s | ®IEEE

by Materials

L L
Liy ,Mn, M0, Layered-Layered / / | .
Li,,Co,. yMy02 LCO Positive material: o
Liy.Nir,..Co M0, M=Mg, AI,..] NCM, NCA Q ofLiion g
Polyanionic compounds [Li, .VOPQ,, Li,FePO " 1" | @limited RT cycling 1. g
y P (L VOPO,, LiyFePO,ILFP () of Li metal D
Li,Mny M0, [M=Cr, Co...] LMO o
Layered LiCoO, Spinel LiMn,0,  Olivine LiFePO, pEEgN §
- Vanadium oxides 1
3 L MnO, V205, LiV30ql . Li-metal
- potential potential
,"'g 2
5 3d-Metal oxides LTO Negatlve- matenal: =
2 L () oflLiion 2
== Composite alloys  [Sn(0)-based] (olimit.ed cycling) %.
Lo’_"*—o}*’é?_o{—' LiOg [Sn(M)-based] : of Li metal (39
;:";7‘.‘;‘% ; -\L(.)mos bahas T %
= A T A | | =
e Graphite b Li metal 5
Graphite Li4Ti5012(LT(i) h . )
: R |||I|||I|||I|||l|||||||||'L'L|.f-;",,'f,_f\.

Cell voltage depends on 400 600 800 1000/ /3,800 4,000

X ity (Ahkg'!
Potential - Potential apacity (Ahkg)

cathode anode

Source: Khan et.al. Journal of Materials Chemistry A, J. Mater. Chem. A, 2019,7, 10159-10173, Katja Kretschmer Ph.D. thesis and Tarascon et.al. Nature 414, 359



Type of Lithium lon Batteries @s @IEEE

by Materials

Specific energy LMO Specific energy LFP Spt(eciﬁc ene)rgy
capacity

(capacity) (capacity)

Cost Specific power Cost Specific power Cost Specific power

Life span Life span Safety Life span Safety
Performance Performance Performance
Specific energy m Specific energy LTO Specific energy
(capacity) (capacity) (capacity)

Specific power Cost Specific power Cost Specific power

Life span Life span Safety Life span

Performance Performance Performance

Source: Y. Miao, Energies 12(6):1074-1094, March 2019
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Type of Lithium lon Batteries @is

by Materials

LFP Strength LFP Weakness LFP Opportunity LFP Threat
«Cost S + Weight w « Low/mid-range/entry EVs 0 C/high-voltage LNMO
* Safety « Energy density - e-Bus, e-Bicycle n »Batte.ry
« Lifetime «Low temperature » Stationary storage tions on energy density
« Abundance of iron performance - Cost sensitive applications g material cost
» Power
NMC Strength _ NMC Opportunity .
*Energy density NMC Weakness - Long range/high-end EVs p_lggi LNMO
«Low temperature +Cost « Stationary storage nal
performance fety - e-Bus, e-Bicycle, e-Motor
*Power upply chain + Power tools / performance
sensitive applications

Given the same cell dimensions,
cell performance metrics using LFP
and high nickel NMC as cathodes

Power & Low
temperature
613 712 811 =—ge—|fP

Source: The Battery Report 2021, Intercalation | Volta Foundation
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550
. s RSmGH
500 - Panasonic Roadmap of China ® ;‘:
y ® CATL 300 Whikg By: " Li-metal anode
450 - @ SDI ~ 1500cycles  CATL — " Solid state battery
{ |® usHEN &:hRMB’W"I b LSHEN o b et AP
o 400+ A LG-Chem ~ * ONi>80 NCM or
'é - & GOTION ) Si-Gr O NCA/Li-metal
E 350 - A SKI ; o O Nig5 NCM/Gr+Si
%‘ 300_- NCR21700A, 5 Ah, 1000 cycles — " - ’XASA é NCM-B 111G o*@d '
- ! NCM-811/Gr 0
& NCR18650B, 3.35 Ah, 500 cycles S
250 - “ R &
2 , A NCM622(Ni65)/Gr o
R e _— S
£ 200 - «,56@“ = 4 &
u=.| 1 o e ® . NCM111/Gr -q‘\e
150 oo™ Ao B
: @ NCM-523+LMO+NCA/Gr
100 S*Ony hollow-point: under development
50 { Drawn by Yi Wang, Yaxiang Lu, Yu Ren, Zhiwei Yang, Hong Li
v T v T v T v T Y T T T ' T v T v
1990 1995 2000 2005 2010 2015 2020 2025 2030 2035
Year
Energy Density Achieved on the Road: USA Battery 500:
CATL: 279.56 Wh/kg SKI: 269.44 Wh/kg LG-Chem: 257.10 Wh/ke 350 Wh/kg, 350 cycles
(Leap Motor T03) (Arcfox Alpha-T) (Tesla Model 3) (Li/NMC 622 Pouch Cell)

Source: Battery 2030+ Roadmap; Redrawn from Li, et al, cited from Figure 1 in Energy Storage Materials, 23(2019) 144-153 State of Batteries Report 2020, Battery Bits
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Type of Lithium lon Batteries s

by Appearance

Cylindrical Pouch Prismatic

Positive terminal

ative Tab
Neg "

PositiveTab —

Pressure vent
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Source: |. Buchmann, "Battery University," Coalescent Design, 2017, https://www.anandtech.com/ and http://electronicdesign.com, Disko, Walker, Manter @ 24M
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Cylindrical

@Es

Power & Energy Society®

4 IEEE

Prismatic
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Source: |. Buchmann, "Battery University," Coalescent Design, 2017, https://www.anandtech.com/ and http://electronicdesign.com, Disko, Walker, Manter @ 24M



Comparison between Secondary (6rs | @IEEE
Batteries
Long usage hrs
/‘\_(P Proiofrties Lead-Acid Ni-MH Li-ion Na-S VRB
., /Wh/k\g‘\ 25-55 60-125 75-200 100-250 15-50
! .
‘\\ Wh/L//l 60-110 | 180-310 | 200-500 150-300 20-70
Power (:’ W/ks; \:, 100-150 200 75-2400 150-230 ;
% di;./_month 6-8 15-20 <2% - -
V 2 1.32-1.35 3.3-3.7 2.1 1.2-1.6
Cycle life 200-500 | 600-1,000 | 500-10,000 | 2500-4500 | >10,000
Cost ($/kWh) | 100-150 | 300-400 | 500-2500% 600 650
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Next Generation Batteries 3l

BATTERY 2030+ TRANSFORMATIONAL CHEMISTRY-NEUTRAL RESEARCH: )
* Accelerated battery material discovery & interface engineering

* Smart sensing & self-healing functionalities

* Cell design & manufacturability (cross-cutting)

* Recyclability (cross-cutting)

FUTURE BATTERY CHEMISTRIES

POST-LITHIUM BATTERY CHEMISTRIES ’7
Sodium-ion, multivalent metal-ion, metal-air, redox flow, etc. Beyond Li(-ion)

-

_

s
LITHIUM BATTERY CHEMISTRIES ) Long-term Future

— Gen 5 (lithium-air, lithium-sulfur)

Gen 4 (all-solid-state lithium-ion or lithium-metal)

Gen 3 (advanced lithium-ion) p A ol ‘;o,yme,/
. ; inorganic electrolyte ’7

Near-term Future Non Bammabile P

liquid electrolyte /

Graphite
ionic liquids

Today S Si(0)

Sources: Battery 2030+, Inventing the sustainable batteries of the future. European commission
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