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® Outline
1. Introduction: energy storage definition, type, applications
2. Lithium-ion battery system (Pack+BMS)
3. Example in EV application
4. Example in Grid application
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Introduction: energy storage definition, type, applications
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Energy Storage Definition

« Energy storage System (ESS) “ A system that store energy and that energy can be dispatched in the
same or different form of energy later”

* Such energy storage can be though of as a system that can “time shift the energy produced for later use”

Energy Storage System

4

% o
7

Storing / Charge:

Energy storage system . Supply/Discharge:

Ener o w
gy (S2UUANLAUNAIIU)

Production | One form of energy

Electrical energy
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Types of Energy Storage

By form of storage

Mechanical ES Electrochemical ES Electrical ES Thermal ES
- Pump Hydro B Battery - Supercapacitor - Superheated liquid
| Compressed Air | Electrochemical - Superconducting
(CAES) supercapacitor Magnet (SMES) -~ Phase changed mat.
. Flywheel ] Fuel Cell L Adiabatic CAES

& N F

All technologies have been around for ages. Some over 150 years! ‘ .
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ENERGY STORAGE
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Mobile
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Energy storage applications

Overview

Stationary

2
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Power VS Energy applications

Power Applications Energy Application

piy } M 1,. ” ‘| Storage
O Mf W P t"r}f i \FV: | JW\ ‘M

\/ Day Time
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Power (MW)
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§

L300 200 o0 w0 0:00:00 2:30:00 5:00:00 7:30:00 10:00:00 12:30:00 15:00:00 17:30:00
Time {eecondy) nme

® Very high Charge/Discharge Rates
®  Short Duration (<1 hour) ® Long Duration (>=1 hour(s))

® Many cycles (100s per day) ® 1-2 cycles per day

Courtesy of 24M Technologies
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Energy storage applications

overview

Distribution level Transmission level Generation

*  Utility scale (>=1MW MWh)

A e A
®* Behind the meter (<1IMW MWh m 2 E H H
*  Microgrid Ipya ~ O% : e E

Residential application

[
1
1
1
1
1
[
1
1
1
1
1
1
Commercial and 1
industrial application 1
1

1

[

1

1

1

1

1

[

1

1

1

1

1

1

i

N[
o
E

Step-up lT
transformer
EVs 4 27
| #
" O — >
V26 |=—|=
@ @ +— | =
> Omd

3 O O O A L,.

RA: Residential application  ULB: Utility-level batteries TLM: Transmission-level services V2G: Vehicle to grid

CA: Commercial application  DLS: Distribution-level services  REM: Renswable energy management  EVs: Electric vehicles 4’ Electricity storage

Electricity Storage Valuation Framwork: Assessing system value and ensuring project viability, IRENA, March 2020 ‘ "
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Applications of ESS

Utility applications example

Frequency regulation Time shift o .
Frequency with storage B ——— fﬂﬁ? ! | \\
] s
E 5 Discharging | Demand shift -\\\ o/ Fluctuation
g \’_\/_V V_\/W E St S in load line )
<
o 2
§ Frequency without storage p= 4 g e

- Charging

‘ Power generation variance

TIME

. Power frequency regulation
l On-grid peak demand shifting

Peak shaving | Peak Cut Load leveling

Discharge from storage

Demand

Peak hour of electricity demand
(12:00 ~ 16:00)

Power supply

3 12:00 TIME
00 &00 1500 B Load levelling function
. Peak shaving function

Narada : Stored Energy solution to a demanding world 12

ENTEC® Confidential - Do not distribute without permission



ENTEC 2022

Applications of ESS

For renewable energy

Today's Energy

Grid Storage Net Result
Frequency
Regulation A

%/\ Increase efficiency

Reduce CO, emission

_'{ — . Firm wind power
e iy
Wind N S+ I T Enable greater
I l-f“ e penetration
- . Firm solar power
“_b -‘L/ '-\II — I."'""'..'I. ———

e A —
(Area Regulation) -+ } ’

Enable greater

C
M\ll
+
/
I
I

Solar penetration

> )
— ™ Faster and more
Reserve \ - reliable reserve power
/ + ‘ N
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Courtesy of 24M Technologies 13
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Role of Energy Storage tulasvinsiwwA

1. UsendauaziuUszansnmdiunisuanuazas
* zann1sasnalselniinlug
* ry59e5UUSUNUDY Renewable power system Tuszuu Tunntunaziuszansnme ey
¢ YzARMSHINVUINAYES
2. aadaesnumanisanglnii fedu
1. UYsu1au (energy capacity - demand vs. supply)
2. AN (voltage support, frequency regulations)
3, nuszansamnisldau/dsendannln
® Peak shaving

®* Demand charge management

ENTEC® Confidential - Do not distribute without permission
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Comparing different types of ESS
Available Size (Energy & Power)

10 hours
=4 1 hour
o |
SMES Lo
3 10” hours
bl o I(41 days)
P
4 M Opti
102 L Low speed ){ any Options
Flywheels s

/

. Ppmped Hydro
e Sltorage (PHS)
|
Large CAES
|

Power output

|
|
I

R

- Renewable
Flow Batteries

support

Small CAES :

Q 3 | 7
" '3 ! //'“"' ., Elechtrochemical J Industry/
)/ Supercapadtors  /” batteries I Smart City
NN SRR, NS, AR OO N S ..
10° 16% 410" 1 10 10° 10° 10* 10°
Batteries & Supercapacitor Energy Stored

Image Sources: http://www.intechopen.com/books/energy-storage-technologies-and-applications/techno-economic-analysis-of- 15
different-energy-storage-technologies,
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Hours

Sec. | Minutes |

Reliability Services

Technologies and Applications matching

Ancillary Services

Fower Non-
Quality & | Frequency s Spinning ]
‘Yoltage | Response Reserves R

eserves
Support

Super
Capacitors

Sodium Sulfur Batteries

ENTEC® Confidential - Do not distribute without permission

Courtesy of 24M Technologies
Cost: J.Leadbetter, L.G. Swan/Journal of Power Sources 216 (2012) 376-386
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Types of Energy Storage

By form of storage

Mechanical ES Electrochemical ES Electrical ES Thermal ES
- Pump Hydro - Battery - Supercapacitor - Superheated liquid
| Compressed Air | Electrochemical - Superconducting
(CAES) supercapacitor Magnet (SMES) -~ Phase changed mat.
. Flywheel ] Fuel Cell L Adiabatic CAES

& X

All technologies have been around for ages. Some over 150 years!

31

‘17
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Electrochemical Based ESS

Battery

* Consist of negative and positive electrode Load
(anode and cathode) and electrolytes

 Many types of batteries => Details in the

\J

Electrolyte Cathode
following )

 Fast time response, Good energy efficiency Oxidation Reduction

Source: http://batteryuniversity.com, www.gopixpic.com 18
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Battery technologies

(]
v
Overview
1. Primary/ Non-rechargeable 2. Secondary/ Rechargeable
e zinc-carbon Lead acid &
battery Pb
« alkaline batter : :
L y A : Nickel Cadmlym Ni-based |€8] €3
e Lithium > Nickel Metal Hydride Ncd N

* Zinc-air
Sodium sulfur (NaS) ‘
Sodium Nickel Chloride Na-based/ molten salt

(NaNiCl)
5y
Li-ion ?@

Vanadium redox Flow
Flow - Zn-Br Redox flow

ENTEC® Confidential - Do not distribute without permission
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()

Electrochemical Based ESS

« Cell configurations and components

Pack, Module, Cell

Form: Cylindrical vs. Prismatic

Packaging: Can vs. Pouch

Cell architecture: wound vs. stack

Cell active components: anode, cathode, electrolyte, etc.

 Performance, test and running characteristics

ENTEC® Confidential -

Voltage curve - Cycle life

State of Charge (SOC) - Cycling temperature

Depth of Discharge (DOD) characteristics

C-rate - Self discharge rate, Storage
Power to Energy Ratio temperature

Energy Efficiency

Do not distribute without permission
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Technology comparison

Lead-acid battery Low capital cost Limited cycle life when deeply discharge
Ni-based battery High power and energy density Low energy efficiency
Li-based battery High power and energy density, high High production cost, require special
efficiency charging circuit
Na-based battery High power and energy density, high Production cost, safety concern
efficiency
Flow battery High capacity, independent power and Low energy density

energy rating

ENTEC® Confidential - Do not distribute without permission
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Lithium-ion battery

Types Comparison

Lithium-nickel Lithium-nickel- Lithium-manganese
cobalt-aluminum (NCA) manganese-cobalt (NMC) spinel (LMO)
Specific energy Specific energy Specific energy

Specific Cost Specific Cost Specific

power power power
Life span Safety Life span Safety Life span Safety
Performance Performance Performance
Lithium titanate Lithiurm-iron
(LTO) phosphate (LFP)
Specific energy Spedfic energy
Cost Specific Cost Specific

power power

Life span Safety Life span

Performance Performance

source: BOG resaarch. .
Note: The farther the colored shape extends along a given axis, the better the performance along that dimension. Source: BCG Battery 4EV Outlook 2020 22
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1024

256

— o~
o o

Hours per discharge
H

Projection: Li-ion Battery

0.25
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Lowest levelised cost in 2020

|

—

PHES
CAES
Li-ion
VRFB
Flywheel
Hydrogen

Core stationary
applications

—

L W

10 100 1000
Discharges per year

1
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1024

256

- o~
o .

Hours per discharge
s

Technology = Technology of Choice up' until 2040

0.25

Types of Energy Storage
Choice: Technology 2040

Lowest levelised cost in 2040

PHES
CAES
Li-ion
VRFB
Flywheel
Hydrogen

Core stationary
applications

A i

100 1000 10000
Discharges per year 23

1 10

Source: K. R. Pullen, “The Status and Future of Flywheel Energy storage, Joule, 3, 1394-1403, June 19, 2019
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Global status of energy storage

Future trends of energy storage technologies

60
Inactive Material

Li-S, Solid state, ...

40
Purchased ltems

Pack Integration
Non-materials

Immerging Technolo 10 v
ging gy s £ — Needed
e liauid ai 2 140 a3 &
Liquid air energy storage systems B e Cell
+ Non/low fuel CAES g m T
W
 Underground PHS = 100 14
 Nano-super-capacitors o " Gas Utilization
S8} . .
* Advance lithium-ion batteries: Li-air, £ ﬁé%‘:"iéﬁ‘i?&?ﬁihi’?a'
2
-
=
8
o

LI U PR R R R s i
CELITEL ST TS
& & & g RN & ‘@c" o

Lithium lon Beyond Lithium lon

Source: Vehicle Technology Office DOE USA June 2017 2 ll-

ENTEC® Confidential - Do not distribute without permission



ENTEC 2022

Lithium-ion battery system (Pack+BMS)

25
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Lithium-ion battery system

Transmission A
Cooling Energy L
BMS system to AC T
System source B
vy ry system Y
: I A :
| [ I
: : [ I
| |
Y — - A v :
I t™Ms ¢t » [ - - - *fs le-----
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()

Power .

e Maximum
continuous power

« Peak power
Energy

 Usable capacity

* |nstalled capacity

 Deep discharge

ENTEC® Confidential - Do not distribute without permission

Battery energy storage system

Performance indicator

Dynamics « Efficiency

« Ramp rate  Round-trip efficiency

* Response time in  Self-discharge rate or
normal operation charge retention

+ Response time in * Stand-by losses
stand-by * Reliability, availability

* Turn-ontime + Calendar lifetime

* Duty cycle «  Cycle lifetime

eccentricity e Mean time between

failures
ormance of grid-connected e

Source: DNVGL, Safety, operation and perf nergy storage systems, 2015 27
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Battery energy storage system

Performance indicator - example

* Efficiency | et rcﬁﬁ
C209KWh | f anyex <,1”E
®* Round-trip efficiency B |
10.0 kWh 3 9.7 kWh )

J

= 0.97*0.97*0.92=0.87

PowerWall 92% DC Round Trip AC Inverter Household
120VACor

=97% DC-DC converter 97% AC-to DC grid

X 98% battery round trip 97% DC-to-AC

X 97% DC-DC converter Round-trip
87%

catalytic ENGINEERING

http://www.catalyticengineering.com/top-ten-facts-about-teslas-350kwh-powerwall-battery/ 28
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IUASILUALABSTULUUAGY
> @adhuunNsIngEuen
> 9aduuugIn UK
> aalUUNa AR ULRLAN

Cathode lead
Top cover

Separator

| Anode lead

ENTEC® Confidential - Do not distribute without permission

MNegative Terminal

Cell Case

Positive Terminal

Cell Cover

Li-ion Batteries

Linden’s Handbook of Batteries 4th ed.

29
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Definition of battery pack

Lithium lon Prismatic

- MONO-CELL (Ba é -
g T Many cells

U c
Basic voltage level) OR
- CELL (Stack of (e.g.,20) mono

cells connected in parallel)

in series and/or parallel

with/without electronics devices

Battery system

Several modules OR Several battery packs in

Many cells with electronics parallel => high energy

devices => High voltage, ¥

High energy

ENTEC® Confidential - Do not distribute \

http://energyskeptic.com/2015/electric-vehicle-overview/, Linden’s handbook, Anderman 2011 batterytechnology, 30

A123 website, Energy storage system for electric vehicles: Battery types, System sizing, Design of battery systems,
Benedikt Lunz, Dirk Uwe Sauer


http://energyskeptic.com/2015/electric-vehicle-overview/
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Battery pack design procedure
&

Inputl: ATMUA WIIFU WEWIU AaIlwliln 9 Battery pack design

<

Battery cell design

ADINT

2

Input2: S¥YTMNUA/TINA LYY YUIA

U

A A [°) 4’{ A o H
WU, F1UUNUN, 18 Cell chemistry

* Cell type => Round cell, Pouch-bag cell,

Mechanical architecture design Prismatic cell
* Cell arrangement scheme: Wuf, s2e2vie N39S Electronic architecture design
* Cooling & heating ° Topology: Cell/Module/Pack connection schematic
* Packing materials: #017¢N151H9U (LSINTEUNN, *  Battery management systems
ALY LLagﬁuq), VEN) ° Cell connectors/connections: Bus-bar

. Protection: Switches, precharge and fuses 31

ENTEC® Confidential - Do not distribute without permission
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Batter system design basic

Topology of battery pack/system

* mane9 cells 49D VWU waE/MT0 BYNTY MU 11le WSIPU way capacity
® FBINTT WIINUY NF = YIaNead 1139 LUPa ILABIUME BUNTH U
* §99n15 Capacity Ah 71g4 = LaenawulauIue = nagwad ¥39 Lga 1ABIU6D

T ot et et o Z‘%a@a >

@ measurement of current C‘g- C\g-
O fuse T T (% ES 6 25
|

measurement of voltage&cell
balancing

Source: Energy Storage Systems for Electric Vehicles, Benedikt Lunz, Dirk Uwe Sauer 32
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Battery management system

Battery Management System (BMS) #38 S2UUUIAITIANITWNAIIULUALADT ADIEUUNYI

VU LUNISUSIISLAZIANISNEITUESULUALEDS  LASLVUNNIUNISASIEDULUALADS  ASIEDU
ANN9I0056199 NINTudmsun15v159UseY 139N13AUTEUOILUAKDT 1TU LIIFU NISLA

QUNNIVDATAALUNLADT

48V 20Ah battery with 16 pcs BMS Slave Module

| "_—'—':'#'. L0 15.08.13

A DA B {
1 . - h > S ? |
Bir ll' ll lll ;-
A
v Al am RA Ak AA A aa
an
A
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Battery characteristics

590U

| )
NISUE T

" aaumgiifinasenisldaulunmasaiey was

80°C

AuUaanny lun1s lgau

Discharge R
- Charge - Rgsth Discharge :<_eit’

40°C

42

i1

‘ Optim 30°C

o= pumum ..
> :: Q Te mpera_tuy Reduced energy/power

v . = Range capacity A T

an ) 0°c 3°C 10°C

0 38 S
=z . =

S . >

S

33
32

3
3

055 . . . . .
565 6 65 7 75 8 85 O 85 10105 11115 12135 13 195 14 145 15 155 16 145 17 175 10 105 19 195 20 Source: Energy Storage Systems for Electric Vehicles, Benedikt Lunz, Dirk Uwe Sauer ‘ 34
imah
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Battery management system (BMS)

Protection during charge and discharge of Lithium battery

®  over/under voltage

" Overcharge -> N3%133 UNTLNITLAULIINUGUAUNI Charge voltage

Why needed?

" Overdischarge -> NSAAYISIIUNTLNITLAVLTIAUAINIT cut-off discharge voltage

®  over current, short circuit current -> N15U153 Y158 AEUITINY mzuﬁﬁg%ﬁuﬁ'muﬂ

" over/under temperature

ENTEC® Confidential - Do not distribute without permission

External
Abuse Conditions

Causing or Energizing
Internal Events or
Exothermic Reactions

External Heating

Over-Charging

High Current Charging
Structural damage

Crush

External Short

If Heating-Rate
exceeds
Dissipation-Rate

hermal Runaway i

b
R @5 Source - NREL

35
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Battery management system (BMS)
Why needed?

da o A o w Y A o ¢ X " W
LL‘UG\W’]@iaWl‘c’JﬁJﬁJ‘UﬂQ'\ﬂﬂiﬂﬂqﬁiﬁﬂqULﬁJauqﬁaqﬂG]L‘?jaaLLUﬂLﬂaiﬁJ']ﬁaﬂu

" AuaNURveLaRnauLTUAY ) .
11953 ANTI

| | i

LURANAURNTAL AN DAL

BEE WU

LURRNAMRNUAAL NN

Source: Energy Storage Systems for Electric Vehicles, Benedikt Lunz, Dirk Uwe Sauer

ENTEC® Confidential - Do not distribute without permission
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Battery management system (BMS)
Why needed?

LUALABITAIENNIAIINA TUNTS LUIULL DU RANY YR ALLUALND TN DN
" Jawangniteuly wiaziwadireaunsuiuaziingsanu (wsswuliming)

Cell 1

~ W
N

Cell determines end
of charge process

P4
aged: @iuu H
/ 3
Not usable /

Cell determines
end of discharge
process

1 2 3 4 5 6
«10%
Source: Energy Storage Systems for Electric Vehicles, Benedikt Lunz, Dirk Uwe Sauer

ENTEC® Confidential - Do not distribute without permission
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Battery management system (BMS)
v Why needed?

B uUAARIaguNIAINNA LN LY UL DU

wmaqlﬁiaéu,umma%‘uwiaﬁ’u ol
" Discharge curve azivefiusesuiinng i TS /LMZ:EBL
WasuuUaeeesngy => doaanides _. " | = N
Liluummedsrelnlugaed vie finsuiws £ : B | itt)
InN15N5IFUlRNza o
B s U AT (WSIPY o
o w0 m wo om0

A9%LLE. DtUINAN g‘j ) Specific Capacity (mAh/g)
) ) 3 QU

*LL-NMC data from Kang and Thackeray, Electrochemistry Communications, 11 (2009} 748-751, other materials measured at TIAX

38
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Battery management system (BMS)
Why needed?

> M AL UALAD SN ULANUTEZENS AN S2UDIU29NUANMNUADANIUDIRILUALAD LD

\

doell BMS Fulugunsaidiaansatind w39 szuu Uasiuuazinnis wunmasaiia

ENTEC® Confidential - Do not distribute without permission
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Battery management system (BMS)

Technical overview

" BMS d1u1sanuslaiatguuu: Battery Management
User Interface Elecirical Control
®  Analog, Digital 7S
Battery State Stlalte
®  Distributed, non-distributed, R e
modular
" {9ngu N1591197U UB9 Digital BMS

=7
Thermal

Management

" 35 (meter)

Communication

B {szyqana (monitor)
. - a el A y P ¢
" aud (balancing) WITUADINIALNDATD UL VBIUAALLYAA

= {Jasrfu (protection) LUALADI AD L3I, NITHE, Bauigdl, (R)

http://liionbms.com/php/bms_options.php, Battery Management Systems in Electric and Hybrid Vehicles 40

B F3d15 (communication)
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Battery management system (BMS)

BMS topology

® Distributed: a Cell Board is installed at each cell, with a single communication cable controller
and battery
®* Centralized: a single controller and is connected to battery cells through a multitude of wires

® Modular or Master - Slave: multiple controllers, with each controller handling a certain number

of cells
Distributed Centralized Modular
| PMU | | PMU |
Master
I | t . Controller
| MMU ‘ | I
¥ MMU MMU Slave Slave
v 1 1 I3 Controller 1 Controller 2
‘ cMU l ’ cMU | | CMU | I CMU | | CMU | | CMU | | CMU | | CMU | H}J—‘J—{}J—{ }J-‘ }J-{ T }J-“J-“J-“J
1
c, c, ¢ | .. | ¢, Cia| = | Cia| o |Cmi| -~ | Cua |"| o
e e A e e e
Source: http://elithion.com/lithiumate_lite_cell_boards.php#Specifications, Electric Vehicle Enhanced Range, Lifetime And Safety Through INGenious battery management, Battery 41

Management System For Electric Vehicle Applications
ENTEC® Confidential - Do not distribute without permission
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Battery storage system

Example data

BE=xXxoeo0sl

192.168.101.2 ]'i

of the fans.

> G &> A A, 60O £ @ & [
Summary BMS State Fault Summary
bne: [ Powerlp | (FC101 | FC103 || FC104 |
Pack state of charge =PPack SOC 120 % | [Cide | GEEEEE [ FC105 || FC106 || FC107
Charge Limit 1,750 Amps | Ready to Power..| [Disconnect |
: (FC112
Discharge Limit 1,750 Amps Cell Voitage Summary [[Fciia || Fc1is | Fems)
Pack Voltage 825.0 Voits | — FC121
Pack Current o_gw 1008 2000 3020 IA’EEVL’
Voltage range S e | e by Fe12y. [ FCa29
: [ [FC132 | FC137 |[ FC138
\5' V-Max (1D: 360] | 2.152 Voits e — W R[0S (ST
Temperature range vMin(10: 189) | 22e5vors ¢ . FC142 LMU_HW_OVERTEMP
T-Max (Zone: 35] | | 36.7Degc  ContactorStatus
T-Min [Zone: 16) 29.9 Deg € Sxtorna _FCA59 | PCIso |
Use these fields to turn
on automatic or e |
Resettable N
manual control 3,103.8 Ar ERSCEN tese

Charge "s.xos.amlw

Discharge 3,384.1 An

Source: 12 Month Technical Performance Report Grid-Scale Energy Storage Demonstration of Ancillary Services Using the UltraBattery Technology Smart Grid Program

ENTEC® Confidential - Do not distribute without permission
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43

Li-ion Cell Production
Supercapacitors

Component
production

Module

Flow-battery

System
integration

Future

Alternate
Battery

ENTECO© Confidential — Do not distribute without permission

ESS Value Chain

Lithium-ion Battery
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Example in EV application

Ll
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Battery management system (BMS)
Distributed BMS

sUsuumMsiausia BMS (BMS Topologies)

o fag1e BMS wuunisiiausianseane (Distributed BMS)

Reference: http://www.ev-power.com.au/-EV-Powerpak-Custom-LFP-Batteries-.html

45
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Battery management system (BMS)

()

sUsuumMsiausia BMS (BMS Topologies)

*  $ag19 BMS wuusiuaudnan (Centralized BMS)

I CAN

Battery Controller
Fuse

Junction Box —‘ SDSW

Battery Pack

—  Main circuit

: Battery control circuit

SDSW : Service Disconnect SWitch

ENTEC® Confidential - Do not distribute without permission

Centralized BMS

Lithium-ion cell Module (4 cells) Pack (48 modules)

High energy cell High energy module High energy battery pack

i - >

https://www.nissanusa.com/electric-cars/leaf/charging-range/battery/ ‘ 4 6
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sUsuumMsiausia BMS (BMS Topologies)

* (79819 BMS LUUAINIUANNAN-AIAIUANNIY (Master-Slave BMS)

PC MASTER

CAN

LCD RS-485 -
— )
5.
o e ¢

A

CONTACTOR

| r—

Reference :dattpawares-hinsicemm/datasheat/dseibasnalOMS. pdf

H o
FUSE

Battery management system (BMS)

Master-Slave BMS
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Battery system in EV applications

Pack + Fuse Pack +
Av
f
,J“ CAN bus l \ CAN bus
© etc. T % etc. 7}
g . 2 o vT| | 8 o on
= £ 8 = = 0] bl
g ¢ S| & s k= Sl |e
= 2 ) - 5 O
g 3 3=
T | /m T |
) T oy | \ ) : DHG Pack-
A LT < —&
Current sensor Charge Discharge Pack- Current sensor Charge Discharge
CHG Pack-

Pre charge

(@) Common port (b) Separate port

BMS diagram
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Battery system in EV applications

Pack + Fuse Pack +
4v
CAN bus '_l\ — CAN bus
& Comm. | R485 b Comm. | FS485
2 etc o " etc. o
g on o on .E o g L=y
cC C 1) =3 C C m =
6 T o] © T o ]
E ¢ - c E c — AL
£ s U = U
g 2 g3
e . . . H\
/ i 11T / Til il
N o NS | |-

= Lo o ' < '
Current sensor Cf}rg{ \_jDischarge Pack- Current sensor Cér‘g’é/ i\\_/‘DI.-".ﬂ:harvgt-: Pack-
liry

Pre charge Pre charge

(a) Internal DC source (b) External DC source

BMS diagram
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Battery system in EV applications

TESLA model S

Panasonic NCR 18650
7,104 cells, 16 module
Voltage 402 Volts
Capacity 85 kWH

Cylindrical cell

ENTEC® Confidential - Do not distribute without permission

240 miles rang

329

140 mph t

All-Wheel Drive

Tesla model S

Rear Wheel Drive

5.4 sac

362 hp

140 mph |

270 m
4.4 seconds 0-60 m
422 1p

'S J 251D

All-Wheel Drive

All-Wheel Drive

691

155 mph top speed

221 hp fror

253

470 o res

155 mph't
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Battery system in EV applications

Example

® Battery module - Toshiba SCiB g T~ )

Rechargeable Battery SCiB™

==

Battery System Components

[

Main body

=

Charge/discharge terminal K ===

Specification ) terminal cap 5 PZz=250
Cell configuration 2 parallel strings of 12 in series Charge/discharge terminal
(+) terminal cap
40 Ah (25 °C, 0.2C discharging) CAN communication connector
Nominal capacity (CAN-CMU)
1.1 kWh Charge/discharge 1N out
Maxirmum charge current 160 A 100 seconds (not exceeding a cell temperature of 55 °C) Product label ta""{“’l 6 Ch"mmﬂ{ge
Maximum discharge current 160 A 100 seconds (not exceeding a cell temperature of 55 °C) %] 0 wﬂ ﬁ; Caution label
Nominal voltage DC276V - z\l‘: : —
Range of battery voltage DC180to 324V 1 — ] A
Ambient o == ==
: temperature -201045°%C = f%ﬂ
Environment — ||P
conditions Humidity 15 10 85%RH * Image of battery module is representative only. Module front face
Altitude Under 1000 m \
Exterior dimensions _W] 872 * D358'5(41 9'3}* X H1266 ”7”‘ I r-ﬂl
* Figures inside () include moving parts of terminal cap
Weight About 14 kg
CMU function Cell voltage, temperature monitoring, cell balance operation CAN communication (between CMU and BMU)* Toshiba SCiB

o1

* CMU(Cell Monitoring Unit)/BMU (Battery Management Unit)
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Battery system in EV applications

Example

" ™

Battery System Block Diagram

Battery panel

, @BMU l
Battery unit @ e €. GAN communication ° Upper
BMU power source supply signal L ° controller
2V (AR 0
1
@ T il
Wy
HCAN communication 3@ @ '
|  @ELs @GND *
aEMC control relay )
' & = O
©®SDC DMDL @MDL , @HCT | :‘ PCS
L d
Battery module (MDL), maximum of 22 connected in series AMC
Y
Battery unit @ g_
Battery unit, maximum of 16 connected in parallar
(DML (battery module) (BMLU (battery management unit) W (main conductor) @ HCT (curent sensar) (BSDC (service disconnect) @ GND control refay () ELS (Bectric leakage sensor) @ BMU connector cable
(@) Cable for fitting detection for senice discornect @ Cument sensar connection cabile 0 Electric leakage sensor connection cable @2 Electric leakage sersor mian drcvit cable @3 TP (terminator pug) 8 LAN cable for connecting CWL
AVR: Automatic voltage adjustrnent device PCS: Power Conditioner System
\ * The buyer must provide the PCS, uppsr controller, battery paneks, battery units, and some cables.
v
Toshiba SCiB

ENTEC® Confidential - Do not distribute without permission
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1. AMENUANINIBATIN

¥ ; = i v
1.1 vuneinuiigegaiidululdveuiauunings AT 850 mm 8717 1350 mm g4 220 mm

1.2 dmiingegaidululivesuiauunings 120 kg

2. UAneluiila

og1atey 160 Ah wazliiiu 420 Ah (lunsdisas
gfanialu 3 Falu)

s 48-55.2 v

olutas 193V - 66 V

ethstlon 32 A

ethatioy 1804

2.6 anudnIalunMITensELaggaLUUTTMs ag13tiay 225A (2 U

FUURLNTTER nszualunmsmizanunsausulaliiu 100A uazaas
sadunglu 3 Hlus

2.
CAN Bus
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VGENIL AMENURYaILUAADS

Battery system in EV applications

cHogivnisoonulluu BMS

100 mm

WHUATDUUY

WHUYDIMUNADLEY

* 22P8S x 2 = 22P16S per module R
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Battery system in EV applications

cHogrIvnIsoonlluu BMS

v Tk ekl T o 1
V"ic::;“or E 1 Cooling DC Pump |==| Radiator
5 5 A | = ]
e £ ack ;i - i Sub Module 1 On/oft
Z : Module 1 3 ack Current / E* / E._ Fle 22p il g
] i . e e R | s
e = 22p1ss' Contactor | Sub Module 2 Cooling Controller |.---"~

12V

- - Y - -

] e
1
-
e ] DHvens — 22p
Module 2 . E - iy T_Max via CAN BUS
22P16S Master BMS 5 |t e .
{3 board ! . ' BMS Slave CAN BUS
Module 3. = & ‘ _®_ i . E Board 1 0 ;th;laster
2215 ~Z| Thermal i |Sub Module 14 | ! ,
= E H & |management E" 22pP w2l E i
= & board H . H B
I\;(;gllllses4 % ﬁ i__ Sub Module 15 | E i
TNl | - | 22 i |
i o Lo} | _[ SubModule16 | §
g e il <SR
T 12V

WHUR 9 TTEAULNNWUALNDT . L
LHUAII9955EAULTNLURS
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Example in Grid application
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Battery storage system in grid applications

/ Container / Housing \
Pack /Rack / Tray
Battery Management System Power Electronics
Cell Cell ass
Transformer

W

E Thermal Management =

-§' E Thermal Management
= 1]

g g

a Pack /Rack / Tray g

g = Fire Protection System
.E'E Battery Management System TEU

> =

&

Thermal Management
LN

International Renewable Energy Agency
Source: International Renewable Energy Agency.
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Battery storage system design

Overview

Technology of
ES

A

> Applications

Control
Algorithm

A
v
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Battery storage system design

@ Design procedure
Requirements
<
1. Data collection Objective: to get overview information
- Objective function JF
- Required data list 2. Problem formulation
- Target Applications JF - Do data check list
3. Data analysis - Collect data
B - Analyze data(s)
4. ESS sizing ® Overview design -> technology, kW,

(Analysis, Optimization and simulation) kWh requirement

¢

Appropriate Application/Technology/size/control strategy of ESS

ENTECO© Confidential — Do not distribute without permission

® Detailed design Lwiazqﬂﬂ'iﬂj
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Battery storage system design

4. ESS sizing Design procedure

(Analysis, Optimization and simulation)

Transmission i

ooling Energy o
BMS system to AC T

source '

system

4

s x
Di-directional of energy transfey

-——i—— v

Detailed design: UuU1A LAY Lo > o
. — , W, kWh 31684013 s2uUineu
'5’18]%’!&88]91@&%1&1]9\%8\1LLﬂaziz‘U‘U ] :

3 charge discharge 1113
» TUINAAGN eration algorithm
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Battery storage system design

Summary

______________________________________________________________________

' Power electronics: Power rated

and Voltage

______________________________________________________________________

Transmission Y O
system to AC ;
system e

N\
Cooling |:> Energy
System source
4
m——b
| TMS s

| A
Di-directional of energy transfer :>

v

_______

EMS (Energy management system) or SSC (Supervisory

System Control): Control and communication design

ENTECO
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® Cell -> module -> Pack/Rack

® Container Type or Building type

e

Cell

ENTECO

ESS Battery Pack

Module

Rack

(+ BMS, Switch gean

ESS System

\
\

:/.’g/

B
o
HEfE

]

—y— g

Container
(+ Installation, EMS)

Battery storage system in power system

Source: https://www.samsungsdi.com/ess/energy-storage-system-technology.html
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Battery storage system in power system

ad81v Lithium-ion battery#1
MW scale LIB-ESS Structure

LIB-ESS Component

3.97kWh

Power : 248.2Wh 1.99kWh

J -

47.65kWh

Cell Module
1,620kWh BESS
Junction Box (Power Rack x 34P)

' = u;ﬁ
Rack BMS Switchgear ‘

SAMSUNG SDI
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Battery storage system in power system

add81v Lithium-ion battery#2

Fire
Suppression
System

Specification
High-Performance Containenzed Storage Solution

DO Efficioncy =BT 02 rata)

O3 ioltags B0 - e
ippros. Dimanaicrs ) B4 4 ay A Ay
Amibiert Openating .
Tamparaivre Fange & -k
Ervalcaurs dataila P54, IEC E0520

K Sl slvrmes maka mo warTanDy aplcil of impled with thise specilicalions. Contants aw sujecies Io crangs without nofkos.

cac - . —— Battery
Module Rack Sl System i Protection Unit
BMS BMS BMS e (8PU)
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Lithium-ion battery system

<Di—directional of energy transfer >

I Transmission A
Cooling Energy ' o
BMS | system to AC LE T

System source - =)

- i I system I v

5 . - = = - . 1

—————— ] I__;:'___ I______ E

TMS s " A > EMS  [¢-------
[ a L T A a
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Power conversion system

()

PCS (Power Electronics + Transformer (Step up or

Isolation + MV or LV switchgear): Power Condiioning System

Power Electronics

= wiasluinszuanse 1Oy nszualninadu e [ e | 41
: o : Y e - E — ¢ Ib

= 618lauUNAIUTENINN T2V wag YauunLnes e [\ Rl [‘ s éJ - [
i T

=> SNYIAMATN LALITAULIINUY AC Waz/vse DC

= anuaun1sineulae Controller Tna¥uA1dsann EMS
(Energy management system) or SSC (Supervisory >> Round-trip efficiency <<
System Control)

Development of 500[kWh] Lithium-lon Battery Energy Storage System with 2[MVA] Power Conditioning System for Utility Interconnection
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Topology of ESS system

® Direct connection VS DC coupling VS AC coupling

m W

i Energy Management System PV Panel
4 = AC
F . Combiner |
Box
. Power Grid Transformer Site I
—_—
- Controller
— AC Power P .
— DC Power
=~ Communication e el
N
Z By s
‘ ]} Combiner
.-
Box
Load
{Motor, Lighting, EV Power
Charging Stati PP
\__Charging Station) Conditioning
System (PCS) Battery

N, # “ v,

LI (I RINIVISRENTOLN LU UL LD U IV ULS VYL I UL U 001
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Power conversion system

example

EssPro power conversion system (PCS)
System sizes from 100 kw to 50 MW

Indoor units Outdoor enclosures Outdoor system solutions

Apri 12,2017 Shide & ABS
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Lithium-ion battery system

Transmission A
Cooling Energy L
BMS system to AC  [———
System source —
. 2 system v
I I Fy :
[ [ I |
| | ' |
F————|=———a I
Y R [P
R 1 VSR ittt > [ P EMS  le-----
ke e = = = = = J
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O
I\’i""""ﬁﬁ @E Iﬂ!n!ﬂl 0

R TR S A L S  SUPRR S JRUURRPR
Energy seamlessly drawn from a varlety of sources

T e Smart Meters

5 . | ] e - VA AN
N WO
I;H, I-i -------- IEnergy Management! /\ /\
1 \ ,l .. a
B4 b \ —- lﬁ

Larger Network Se -7 ¢ Isolated Microgrids

PoweriS:torage

~ -

ENTECO

EMS (Energy management system)

Energy Management

PLAN: Energy Management System

CHECK: Demand Response

ACT: Efficient Operations

RE-CHECK: Monitoring
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EMS (Energy management system)

@ o - il
v daHsuUs=uvuuawads BESS

EMS (Energy management system) or SSC (Supervisory System Control):
o Fuam Mk (P, Q) fidaenis (Yuatinu Applications %38 control strategy fidon)

* HA1INUITUUAIUANNITINGUYBY Power Electronics (PCS controller) tialy 318 w58
U AunnIuue

<Di-directional of energy transfer >

Transmission 1/
Cooling Energy S
BMS system to AC -

System source A

z 3 system _I Y _I

t I

| é —_ e —— - o

2 : |

—————— 1 ___v___ I ___:___ [ .

| le o 1 | I ! I
I TMS | " [ — M EMS (e-------

4 | L4 '

— s s e = s -
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EMS (Energy management system)

@ ) - - - - o
v dalHsSuUS=uuuualads BESS - wuvasuaisniviu

* Hod13, Uszulana LasyineIusIuNUuISuUUDU
* szuvindayavasszuulnni (grid)

* S3UUAUANTBIVAITEBU luszuL Wse szuuatuaulvan  Srdscrerarorarey e
szuulany | cors |y e | pemnc i
® STUUIANITHUALANDT (BMS)
o JudoyadauzvauAme3aIN BMS e} T S T

*  daUBYaFaIUE N1MINUNABINITVDITTUULUALAGDYT L¥U charge W38 discharge

demand request

® SIUTIU LAZ UEAIYBYNA / H0IUL N1TINTUVBITEUULUALADS
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EMS (Energy management system)

dHSus:UVLUALADE BESS - WoAdumisiiviu

2 1

* Tuviasnanm ANauumuits1uan (co-design operation pattern) #sa WUU fix USuuAla
WNaLanoe

< Di-directional of energy transfer >

Transmission (VAN |

Cooling Energy - ‘:.
BMS system to AC ~ H—+—+

System source e
5 x system .I H .I

* |

S ¥

—————— 1 I___v____ l ___:____ : "
| TMS " oo » EMS fe------- |
______ I | S | -
_____________ -
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EMS (Energy management system)

e ..
v o810

®* Example - Grid-Scale Energy Storage Demonstration of Ancillary Services Using the

Tahle 4: BESS Meter (SEL 735P) Data. Sample Rate: 200 ms. Bandwidth Required (Modbus
TCP): 8 kbps. Latency Required: ping delay of 3 ms (typical), and 20 ms (worse case).

UltraBattery Technology Smart Grid Program

Database Entry Discription Units
[ ) 2 m l' PCC.Frequency Grid frequency Hz
Sec Sa p I n g PCC.KVARH_From_Grid Reactive power absorbed  kVAr-hr
PCC.KVARH_Net Net reactive power kVAr-hr
° . . PCC.KVARH_To_Grid Reactive power delivered  kVAr-hr
PCC.KWH_From_Grid Real power absorbed kWh
PJM regulation control signal PoCKwH_Fro Real power o i
PCC.KWH_To_Grid Real power delivered kWh
Y . . PCC.P_Total BESS real power kW
P_JM regutatIOﬂ respOnSG Slgnat PCC.PhaseA_Current Phase A current A
PCC.PhaseAB_Voltage Phase A-B voltage \%
PCC.PhaseAN_Voltage Phase A-N voltage \%
(]
AC Power F LOW to / fro m PCS ( ’\/\\/\/) PCC.PhaseB_Current Phase B current A
PCC.PhaseBC_Voltage Phase B-C voltage %
PCC.PhaseBN_Voltage Phase B-N voltage \%
Y . PCC.PhaseC_Current Phase C current A
1 O Sec Sa I I I p ll n g PCC.PhaseCA_Voltage Phase C-A voltage \%
PCC.PhaseCN_Voltage Phase C-N voltage \%
PCC.Power_Factor Power factor n/a
) . . . PCC.Q_Total BESS reactive power kVAr
Operational mode, including manual modes PGGV Unbelance Unbalance "
PCC.Voltage Voltage \%
(]

State of Charge (SoC) of entire battery of the BESS

Several PM measurements are acquired by a SEL-735P meter located in the PCS. These
measurements are listed in Table 5.

Source: 12 Month Technical Performance Report Grid-Scale Energy Storage Demonstration of Ancillary Services Using the UltraBattery
Technology Smart Grid Program

ENTECO
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Battery energy storage system

ENTEC 2023

example

c
i}
©
o
c
c
S
(8]
)
=
(U]

MV Protection and Disconnect

Breaker Metering

Main

Source: Battery Energy Storage System (BESS) and Battery Management System (BMS) for Grid-Scale Applications
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Example of BESS

Residential

e power wall Technical Specs

Inside Powerwall 296" /753 mm 575" /147 rom
| 1 |
o _ [ Usable Capacity Scalable
LiquidiCooling 13.5 kWh Up to 10 Powerwalls
Depth of Discharge Operating Temperature
=S L A 100% -4°F to 122°F /
Connection Point | Inverter -20°C to 50°C
g Efficiency
T B 90% round-trip Dimensions
Ny LxWxD: 453" % 29.6" X
E Power 5.75"
7kW peak / 5kw (M50 mm x 753 mm x 147
continuous mm)
Battery Pack
Supported Applications Weight
solar self-consumption 2513 Ibs / M4 kg
Back-up power
Time-Based control Installation
— o r — Off-grid capabilities Floor or wall mounted
Indoor or outdoor
Warranty
10 years Certification
North American and
International
Standards
Grid code compliant

Source: https://www.tesla.com/powerwall
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Example of BESS

Large scale (Container)

® Hornsdale Power Reserve 100MW/129MWh Tesla Battery

ELON MUSK'S
BATTERY

https://www.youtube.com/watch?v=kYMtqnzEDVg
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System cost Breakdown

Residential

Figure 2.6: Benchmark Capital Costs for a 3 kW/7 kWh Residential Energy Storage System Project
(real 2017 $/kWh)

1122

B Installation

B 5oft costs
Energy Management
System

[ Balance of plant

W Inverter

M Battery pack

2016 2007 2018 20M9 2020 2021 2022 2023 2024 2025

kW = kilowatt, kWh = kilowatt-hour.
Source: Bloomberg Mew Energy Finance (BMNEF).

Source: Handbook on Battery Energy Storage System, ADB, December 2018
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System cost Breakdown

Figure 2.5: Benchmark Capital Costs for a1 MW/1 MWh Utility-Sale Energy Storage System
Project (real 2017 $/kWh)

581

54

Energy Management
System
[ Balance System

544
495 M Developer margin
462 435 1 Grid connection
410 189
369 M Developer overheads
51
45 WEPC*
44 42 s
38 36
WPCS

M Battery pack

2017 2018 2019 2020 2021 2022 2023 2024 2025

EPC = engineering, procurement, and construction; ESS = energy storage system; MW = megawatt; MWh = megawatt-hour; PCS
= power conversion system.

Source: Bloomberg New Energy Finance (BNEF)

Utility scale

Source: Handbook on Battery Energy Storage System, ADB, December 2018
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Battery energy storage system

summary

Figure 1.7: Schematic of A Battery Energy Storage System

Power Conversion System

)

ATANDARD SOLUTIONS  |—)

Temporary Building Type

BMS = battery management system, J/B = Junction box.

Source: Korea Battery Industry Association 2017 “Energy storage system technology and business model”.

Source: Handbook on Battery Energy Storage System, ADB, December 2018
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