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Battery Packs of Modern xEVs

A Comprehensive Engineering Assessment
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ESS Design

ESS Validation

ESS Integration

ESS Battery Life

ESS Cell Safety

ESS Safety

ESS Product Development Plan
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Energy Storage System Definition

ESS Subsystem Development Areas

+ Systems design & performance

« Battery cell/module

« Battery Management System (BMS) hardware

« BMS software
Application software
Algorithms — SOC/S0OH

Diagnostics/OBD2

Mechanical subsystem

Thermal subsystem

ESS Manufacturing & Quality

THE HIGH VOLTAGE BATTERY.
BATTERY PACK.

Housing (upper part)
HV-Connector

Cell Module

Cell Supervising Circuit
Cooling (upper part)

S-Box

Battery Management Unit
Cooling (lower part)

LV-Connector

Housing {lower part)

mh#ﬁsﬂ#hﬂrﬂhmﬁﬂ-ﬂwmrl X5 eDrrwn, AABC Mainz, 29
Jam. 201

Image by BMW © BMW reserves all nghts

Each subsystem has unique specifications along with

Copyright 2019 Total Battery Consulting, Inc.
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Usage Profiles

- EV

Usage Profiles

» EV users varyby how deeply they discharge the battery
before charging

+ EVswl/ large batteries require less cycle count
capability than EVs w/ smaller batteries

- EV#1w/ 100-mile range where the driver typically
recharges @ 25% range remaining

— 100,000 miles of vehicle application use = 1,333 75% DOD

cycles for battery life

EV#2w/ 200 mile range where the driver typically
recharges @ 25% range remaining

— 100,000 miles of vehicle application use = 667 75% DOD
cycles for battery life

Note that testing should demonstrate higher
capability in lab and in diverse conditions

» 6 key drive profiles per temperature profile

Driver Usage Profile

o o
Drive Profile Percentile 10% Drive-cycle

50% Drive-cycle 90% Drive-cycle

Matrix (Highway Dominant)

Charge Prafile
Percentile

Longer-Duration Discharges

Attributes Lower Peak Power

(Suburban Dominant) (Urban Dominant)
Frequent Chrg/Dischrg Pulses

Blended Peaks & Durations Higher Peak Power

10% Charger Partial-Discharge Cycle

EV Usage Profile #1

EV Usage Profile #2 EV Usage Profile #3

(moderate) Dominant
90% Charger Large-Discharge Cycle
(frequent) Dominart EV Usage Profile #4 EV Usage Profile #5 EV Usage Profile #6

+ CD - Charge Depleting (i.e. electric vehicle mode driving) -«

+ CS - Charge Sustaining (i.e. “engine-on” hybrid driving)

Testing should be consideredat 3 differenttemperature
profiles (cold, nominal, & hot climates)

* Mountain drive profile also to be considered

Copyright 2019 Total Battery Consulting, Inc.



thr=.

» Mechanical Subsystem Requirements
Drivers Include:

+  Structural (i.e. crash integrity, higher-level
product mechanical structure)

+  Environmental durability (i.e. shock,
vibration, drop, etc.)

+ Mechanical abuse (i.e. road debris impact)
+ Mass targets

+ Packaging volume

« EMI/EMC

*+ NVH

+  Thermal systemintegration (i.e. insulation
requirements)

+ Safety/ASIL targets
+ Costtargets
«  Quality targets

Mechanical Subsystem

EXTENSIVE CAE DESIGN WORK TO OPTIMIZE BATTERY PACK STRUCTURE
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Chevy Bolt Battery Pack
Image by GM: © GM reserves all nights
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» Thermal Subsystem Requirements
Q11D

Drivers Include: Audi e-tron

v ' i Kithlung der Lithium-lonen-Batterie Gber den Chiller
+  Drive-cycle heat rejection Cooling the ithiarm-ion battery via the hiler

03/18

+ DC Fast-charge heat rejection (if DCFCis
part of the system)

+ Coldtemperature functionality (i.e. battery
heating, if required)

+  Environmental durability (i.e. shock, II
vibration, drop, etc.)

+  System efficiency and power budget
+ Mass targets

+ Packaging volume

« NVH

* Mechanical systemintegration (i.e.
insulation requirements)

g S afEt}"fAS I L ta rg Ets Chiller (Tiefnisdertemperaturkress) Ratterseklhlung aus Alyminium-Strangpressprofilen (Micropaortsl
Chitler [Refrigecant cacuit) Battery cooling via sluminiuem ectrusions {mecraportsh
+ Costtargets
N Quahty targets - : o Audi e-tron Battery Pack
ma} Subs St&m Image by Audi: © Audi reserves all ights

Copyright 2019 Total Battery Consulting, Inc.
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» Themnal subsystem removes heatfrom the battery cells and is measuredby 1 BSM Process - Results (-__L-sn.,d.m
4 key metrics

Tmax — Maximum cell temperature during drive, charge and rest

DT pack — Delta temperature from highest temperature cell to lowest temperature cell

DT intracell — Delta temperature within a single cell

— Thermal system canimpact, but is limited by, cell design

Trise — Temperature rise in highest cell temperature from coolant media temperature

» Themal subsystems may also need to protectthe ESS from ambientand
external heatsources (basedonapplicationand installation environment)

= 3
(ii—ﬂ{'ﬂ-aﬂ.‘lﬂtﬁ

lILii. BSM Process - Design Exploration Study

» Themnal system should be evaluated w/ the following minimum test
conditions

+ Continuous drive-cycle at nominal application RMS power until thermal steady-state to
verify that the system is a controllable system

+  50th and 90th percentile drive tests

Should be run and tmax and DT should be evaluated to verify that the target life is
achievable

+ Application Example: Consider multi-segmented drives in cold ambient and the effect on
ESSthermal w/ cold ambient on heated ESS CD-Adapco Simulation Software © CD-Adapco

reserves all rights

Copyright 2019 Total Battery Consulting, Inc.
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» BMS Subsystem Requirements Drivers Include:

+ Vehicle and other controller interface (physical lines and
CAN messaging)

+ Algorithm targets and accuracy (i.e. SOC/SOH/SOP)
+ Cell balancing targets

+ Pre-charge and contactor control

+ Fusing

+ Environmental durability (i.e. shock, vibration, drop, etc.)
« EMI/EMC

+ System efficiencyand power budget

+ NVH (i.e. contactor closure sound)

+ Packaging volume (i.e. centralized/distributed; circuit-card
size)

+ Mechanical system integration (i.e. module mounting for
distributed circuit-cards; wire/cable routing) Chevy Malibu Hybrid Battery Pack

I by GM- © GM 1l right
+ Safety/ASIL targets mage by reserves all rights

+ Costtargets

* Quality targets ‘ Thermal Subsystem I

Copyright 2019 Total Battery Consulting, Inc.
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» A typical Battery Management System (BMS) contains a software package that is comprised
of the following components

« Application Software
- Main controlling software
= 1/O processing
= CAN communication
- Relay control (if included in system)
= Fault handling

« Algorithm Suite
- State-of-charge (SOC)— determination of the remaining capacity ofthe ESS

- State-of-health (SOH) — determination of the remaining life of the ESS (required if OBD2, may be optional otherwise —
OEM dependent requirement)

- Power/current available — algorithm to communicate to main controller the ESS’s current state and available
charge/discharge power

 Diagnostics
- 0OBD2(US), if required (regulated)
- Additional diagnostics (unregulated) for operation & service

» Drivers & low-level software operate below the above

Copyright 2019 Total Battery Consulting, Inc.
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System Integration

uel Econom
& Emissions :
Thermal j Envlronman%
ts

Inputs & Outpu ﬁ Inputs

: ESS Design
(P Propulsion D 2 ~0BD2 )

ower/Energ Diagnostics

htagraﬁun

Ny

Battery Life)

( Passenger )
Cabin Space ( Passengar)

Noise Levels

ESS Integration Must Be Achieved While Meeting Multiple

Requirements and Balancing Multiple Inputs & Outputs

Copyright 2019 Total Battery Consulting, Inc.
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Image by GM © GM reserves all nghts - hitp./media.gm.com image by FCA © FCA reserves all nghts - httpwww fiatusa. comien/500e’

Design Example: EVs

Copyright 2019 Total Battery Consulting, Inc.
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» How can safety hazards occur after production starts?
* Manufacturing defect
+ Latent design flaw (not present at BOL)
« Aging effects not fully studied/characterized

+ Unforeseen or untested usage application

¢ Improper usage Image by GM © General Motors reserves all rights
« Abnormal/abusive usage

- From poor control systems, algorithm errors or component failure
« Natural disasters (hurricanes, floods, tornados)

» Integration issue

Copyright 2019 Total Battery Consulting, Inc.



tb ::"‘?,-El:;:.,,g Product Development Plan

*Project target A-sampfe
setting (targets for i
Prnject Kick-off performance, life, {_F,I oof-of
cost, quality, safety, LDI"ICE[:IT: — hot
etc.) production
N\

Wrepresentative)

*Develop specification for
battery subsystem B'sample

*System and subsystem
design

Req’ts & Design (Prototype —simple
tooling —

production-intent)
.

*Supplieridentification and
engagement ’:b

+ |nitial builds

» |dentify tests,
test-plans
and test-labs

C-sample
(DV —soft-tooled)

Build and test

\3

W

* Establish
production D-sampfe
/ plan; build-site,
run-rate, etc (PV — hard-tooled)

"

Copyright 2019 Total Battery Consulting, Inc.
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|. XEV Battery System Key Design Attributes

[l. Battery Packs forEVs
[ll. Battery Packs for PHEVs
|\VV. Battery Packs for HEVs

V. Charging Systems of EV/PHEVs
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EVs DISCUSSED IN THIS SECTION

« 2014-19 BMW i3 BEV  2013-14 Honda FitEV « 2011-15 Renault Kangoo EV
+ 2012-15BYD e6 (60 kWh) « 2017-19 Hyundai loniq Electric « 2012-19 Renault Zoe EV

« 2016 BYD e6 (80 kWh) » 2019 Hyundai Kona Electric (*) » 2017-19 Tesla Model 3 (*)

« 2014-17 Daimler Mercedes B250e + 2019 Jaguar i-Pace (%) « 2012-19 Tesla Model S

« 2019 Daimler EQC (*) « 2015-20 Kia Soul EV (¥) « 2016-19 Tesla Model X

+ 2013-18 Daimler Smart Fortwo « 2019 Kia Niro Electric (¥) - 2012-14 Toyota RAV4 EV

« 2013-19 Fiat 500e EV « 2012-16 Mitsubishi iIMIEV M-grade + 2019 Audi e-Tron (*)

« 2012-18 Ford Focus EV « 2012-17 Mitsubishi iIMIEV World « 2015-19 Volkswagen e-Golf
+ 2014 Chevrolet Spark EV (A123) « 2011-16 Nissan Leaf (24kWhr) « 2013-17 Volkswagen e-Up!

+ 2015-16 Chevrolet Spark EV (LG) 2016-17 Nissan Leaf (30kWhr)
+ 2017-19 Chevy Bolt « 2018-19 Nissan Leaf (40kWhr) (*)

(*) New/updated model in 2019 Battery Packs of Modern xEVs Report

Copyright 2019 Total Battery Consulting, Inc.
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EV Trends

Pack Capacity

Electric Vehicles - Pack Capacity (kWhr - total)
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Available with Report purchase
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Bantery Pack Capacity
Diversity

Large diversity of battery-pack
sizes and e-range

» Tesla offers largest battery
packs

» Average battery size is 48
kWh

~ Note:

* Tesla Model X packs are
not shown as duplicates w/
Model S

»  Kia Niro packs are not
shown as duplicates w/
Hyundai Kona

Pack Capacity Distribution (kWh)

Min =7
Ave = 48
Max =100

Median =40
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ESS Specific Energy
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Electric Vehicles - ESS Specific Energy (Whr/kg)
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Available with Report purchase
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Battery Pack Specific
Energy Diversity

» Largerange of 57.5 to 168
Whikm

» Lowest are packs w/ LTO-
based power cells

» Highest are packs w/ NMC
(Mi-rich) & NCA energy
cells

» lesla Model 3 pack
achieves the highest value

ESS Specific Energy
Distribution (Wh/kg)
Min=57.5
Ave =113.0
Max = 168.0
Median = 109.0
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Barttery Cells Implemented in Production EVs

= Celltypes are split between cylindrical, prismatic
pouch, and prismatic metal can

~ DBattery cell chemistries are split between multiple Li-
lon chemistries

» NCA is used across the multiple Tesla models and
tesla-designed packs (Toyota RAV4 & Daimler
partnerships)

MNofe: Percentages based on vehicle iferation/generation (not
sales volume)

Count of Cell Type

EV BATTERY CELL TYPE

Cylindrical 2170 __ Cylindrical
7% 18650
20%

—

tic Metal
Can
22%

Count of Cell Chemistry
EV BATTERY CELL CHEMISTRY
Available with Report purchase
__LTO-NMC
Gr-NMC F 3%,
36%
" Gr-NCA
- 11
19%
EV BATTERY MANUFACTURERS
LG Chem
24%

Panasonic
35%

LiTec
2%

Copyright 2019 Total Battery Consulting, Inc.
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Battery Cell Parameters

{not actual cell, but representative type & form factor)

Image by LG Chem @ LG Chem reserves all rights

Daimler Group
2019 Mercedes EQC

Parameter Value

Cell Supplier LG Chem
Cell Type Prismatic Pouch
Anode Chemistry Graphite
Cathode Chemistry NMC (622)
Cell Capacity (Ah) 63

Cell Voltage (V) 3.65
Weight (g) 965

Dimensions (mm)

11.5 x 125 x 325 (est)

discharge)

Volume (mL) 467
Specific Energy (Wh/kg) 242
Energy Density (Wh/L) 499
Specific Power (W/kg) (10sec. n/a

* Estimated and assumed cell parameters

Copyright 2019 Total Battery Consulting, Inc.
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consulting

Pack Integrator Jaguar/Williams
Configuration 108s4p
Voltage (V nominal) 396
Peak Power (KW) 294
Energy (kWh) a0
P/E Ratio (kW/kWh) 33
Mass (kg) 603
Specific Energy (Whr/kg) 1493
BMS Type Distributed
Thermal System Liquid
Enclosure Material Metallic

Image by Jaguar © Jaguar reserves all mghts

Copyright 2019 Total Battery Consulting, Inc.
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AESC Li-ion Battery for LEAF

40 kWh LEAF

Battery Pack Parameters

62 kWh LEAF e-Plus

ESS Parameter

2011-16
(24kWh)

Nissan Motor Corporation

201617
(30kWh)

2011-18 Nissan Leaf

2018-19
(40KWhr)

2019
(62kWhr)

Pack Integrator AESC AESC Nissan Nissan
Configuration 96s2p 96s2p 96s2p 96s3p
Voltage (V nominal) 355 355 360 360
Peak Power (kW) =90 =90 110 160
Energy (kWh) 24 30 40 62
P/E Ratio (KW/kWh) 3.8 3.0 2.8 26
Mass (kg) 273 294 295 (est) | 437 (est)
Specific Energy (Wh/kg) 87.9 102 135.6 141.8 (est)
BMS Type Distributed

Thermal System Convection Air
Enclosure Material Metallic

Top: Image by AESC © AESC reserves all nights

Middle: Image by Nissan © Nissan reserves all nghts

Bottom: [mage by Nissan © Nissan reserves all nghts

https . Awww. youtube, comdwatch v=mcfXiINEFPsM

Copyright 2019 Total Battery Consulting, Inc.




total
| battery
consulting

Battery Pack Parameters

ESS Parameter

Renault Group
2012-17 Renault Zoe

Images by Renault:© Renault reserves all ights

Pack Integrator Renault
Configuration 96s2p

Voltage (V nominal) 360

Peak Power (kW) a0

Eneray (kW) 22 (el | 23,3 it | 41 oo
P/E Ratio (kW/kWh) 36 34 1.95
Mass (kg) 280 280 300
Specific Energy (Whikg) 8.6 83.2 136.7
BMS Type Distributed

Thermal System Air

Enclosure Material Metallic

Copyright 2019 Total Battery Consulting, Inc.



Tesla Motors

: o O Battery Pack Parameters 2012-19 Tesla Model S
consulting 2016-19 Tesla Model X

60 [ [ 85 90D 100D

Tesla Model S P8SD _ ESS Parameter 60D | 70D | 75D ::EDD POOD P100D

Pack Integrator Tesla
Configuration 84s74p (est) O6s74p 96s86s
Voltage (V nominal) 302 4V (est) 345V
278
235 311 311
Peak Power (kW) 245 311 345 451
345
Image by Tesla © Tesla reserves all ights Eneragy (kWh) 60 70 75 85 an 100
: 3.3
+ Note: A 40-kWh versionwas offered to early P/E Ratio (KW/KWh) 34 37 3.1 3.1
deposit holders, but was physically a 60-kWh pack 3.9 4.1 3.3 4.5
software limitedto 40 kIVh Mass (kg) 570 (est) 618 | 637 (est) | 670 (est)
» Original 60-kWh battery option is now obsolete
Specific Energy (Whikg) 1228 138 141.3 1493
+ Newer60-kWh battery was physically a 75-kWh
battery software limitedto 60 kWh BMS Type Distributed
Thermal System Liquid
Enclosure Material Metallic

Copyright 2019 Total Battery Consulting, Inc.



total
| battery
consulting

image by Panasonic © Panasonic reserves all nghts

image by Tesla © Tesla reserves all nghts

Battery Cell Parameters

Tesla Motors
2012-19 Tesla Model S
2016-19 Tesla Model X
2017-19 Tesla Model 3

Parameter

60-85kWh

90-100 kWh

Model 3

Cell Supplier Panasonic Tesla/Panasonic
Cell Type Cylindrical 18650 Cylindrical 2170
Anode Chemistry Graphite Graphite/Silicon Graphite/Silicon
Cathode Chemistry NCA

Cell Capacity (Ah) 3.1 3.4 3]

Cell Voltage (V) 3.6

Weight (g) 45 47 67 (est)
Dimensions (mm) 18D x 65L 21D x 70L
Volume (mL) 16.5 24
Specific Energy (Wh/kg) 248 260 269 (est)
Energy Density (Wh/L) 675 740 742

Specific Power (W/kg)
(10sec)

>1080 (based on
system pwr)

=1080 (basedon

system pwr)

=1180 (based on system
pwr)

Copyright 2019 Total Battery Consulting, Inc.
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Gm ESS Parameter ‘ 2019
Audi e-tron Pack Integrator Audi
"Iﬂ'_""m'lm'"'hmﬂ* Gehdusedeckel (Aluminium)
Lithium-ian battery Howsing cowver (aluminium sheet) }
i Configuration 108s4p
BB Voltage (V nominal) 396
(Battery Junction Box)
Peak Power (kW) 300 (system)
Energy (kWh) 95
P/E Ratio (kKW/kKWh) 32
Mass (kg) 715
Specific Energy (Whikg) 1319
EdhlmittelanschluB
Costantcomeien BMS Type Distributed
Modulverbinder
e Thermal System Liquid
Gehausewanne mit Crashstrukturen Fellmodule mit 2wl 60 Ak Zellen B B
ousing iy with cres o gEcessprofle) el mocutes it e 00 A el Enclosure Material Metallic
lextruded sectans)

Image by Audi © Audi reserves all nghts

Copyright 2019 Total Battery Consulting, Inc.
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Il. Battery Packs for EVs

A. EVs discussed in this section

B. Battery packs for EVs — Analysis

C. Vehicle-specific review for production EVs

. US/EU/JP/KR vehicles

. Chinese OEM vehicles

Special thanks fo Guohua Ye for his detailed research
and assistance for the Chinese OEM section.

Copyright 2019 Total Battery Consulting, Inc.
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Vehicle List

EVs DISCUSSED IN THIS SECTION FROM CHINESE OEMs

BAIC EC180 : 2016-18
BAIC EC3 :2018-19
BAIC EU260 : 2016-17
BAIC EUS :2018-19
BAIC EV160 : 2014-16
BAIC EV200 @ 2018-19
BAIC EV300 @ 2018-19
BAIC EX200 @ 2016-18
BAIC EX260 @ 2017-18
BAIC EX360 : 2018-19
BAIC EX5 :2019-19
BYD e5 : 2015-15

BYD Tang EV600: 2019-19
BYD Yuan EV360: 2018-19
BYD Yuan EV535: 2019-19
Chery Arrizo 5e : 2017-19
Chery eQ : 2015-19

Chery eQ1 300: 2018-18
Chery eQ1 EWV400: 2018-19
Chery Tiggo 3xe : 2018-19
Denza :2014-16

Denza 400 - 2017-17
Denza 500 : 2018-19
Geely Emgrand : 2016-16

Hawtai xEV260 : 2016-19
Hawtai xEV360 : 2016-19
JAC IEV4 - 2016-19

JAC IEVEE : 2017-19
JAC IEVEGs : 2016-17
JAC IEVT -2017-19

JAC IEVTs - 2017-19
JAC IEVAS0 - 2018-19
JMC E200 :2017-18
JMC E400 :2018-18

Nio ES6G : 2019-19

Nio ESS : 2018-19

BYD e5 EV300: 2016-17 Geely Emgrand EV300: 2017-17 SAIC Roewe EI5 :2018-19

BYD eb EV450: 2018-18 » Geely Emgrand EV450: 2018-19 +  SAIC Roewe ERXS5 @ 2019-19
BYD Qin EV300: 2017-17 »  Geely Emgrand GSE: 2018-19 «  Zhidou D2 : 2016-19

BYD Qin EV400: 2018-18 * Hawtai EV160B : 2017-19 + Zhidou D3 : 2018-19

BYD Qin Pro: 2019-19 * Hawtai EV160R @ 2017-19 +  Zotye E200 :2017-19

BYD Song EV400: 2018-18 + Hawtai IEV230 : 2016-19 + Zotye Z500EV :2018-19
BYD Song EV500: 2018-19 * Hawtai IEV360 : 2018-19

All New Models in the 2019 Battery Packs of Modern xEVs Report

Copyright 2019 Total Battery Consulting, Inc.
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Electric Vehicles - Pack Capacity (kWhr) :
y Chinese OEMs
T
80
Batrery Pack Capacity
=
70 Diversity
eFE oo
B LA Large diversity of battery-pack
T o ) sizes and e-range
_— &
i 50 ; » Tesla offers largest battery
= packs
B’ 40 ~ Average battery size is42 4
3 kWh
= Available with Report purchase = ebe; Medkmplicdte, gl

additional vehicles from an OEM
have been removed for clanty

Pack Capacity Distribution (kWh)
Min =17

" fve =42 4
R Max =84
f—ﬁg 3“ -E'? -E'? -@"P Median = 42

' a
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Electric Vehicles - Battery Pack Specific Energy (Wh/kg) Chinese OEMs
180.0
$EET 2 2 Battery Pack Specific
R é‘.‘*.?é?ﬁé’*q.‘*.,n Energy Diversity
. 2R » Large range of 57.5 to 168
Whikm
» Lowest are packs w/ LFP-
1200
based power cells
¥a = . ;
gmﬂ Ta AL F nghjast are packs w/ NMC
F VATP Iy (Mi-rich) energy cells
Py
é BOLO ¥
3 : : ESS Specific E
. Available with Report purchase Distribution (Wivkg)
Min=79.3
Ave =125.3
#0.9 Max = 160.6
Median=133.3
200
24 o LS N A A e t‘taﬁ"&lﬂ#.,i'iﬂ#!
fs’}%ﬁﬁfﬁ;ﬁe} AR
&, Yy -
J&?’, éﬁj *5? Firy &i:fii | ﬁ'f“?ﬁgéj%ggé
2 $ ¥
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EV Trends

Pack Capacity vs.
Launch Year (MY)

Electric Vehicles - Battery Pack Capacity (kWh) Trends per Launch Year (MY)

a0
&0
10
60
?; 50
= @ Denza
®
3 & BYDe5
i
= 40
E
30 —2015,32.7
© BAICEVIED
@ Cheryed
20
10 Average line
Trendline of average
1] 2
2013 2014 015

Denza 400 lifestyle
ifosty _H-\-H"-\-\_

TACIEVASO

@ Hawtai EV230
Ch

@ Hawrta xEVZE0

@ BYDe5EViIDO

8 HawtaliEv2ag JAC
~ Geely Emgrand

@ BAICEUZB0
9 Hay -

Available with Report
purchase

.......
.....

- Hawrtai xEVIB0" e
= HawtaiiEV230
V= JAC IEVGs
L pAIC EX200
1AL IEV Lusury
@ JAciEva Time Editic
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L Zhidou 02
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Model Yeat
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00
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‘RX5
335

Chinese OEMs

Pack Capacityvs.
Launch Year

# Chart shows battery pack
capacity in relation to
model year for new model
and upgrade launches
(MY).




Pack Specific Energy vs.
tb EV Trends Launch Year (MY)
ﬂﬂl"l.-l.lltlnﬂ

Electric Vehicles - Battery Pack Specific Energy (Wh/kg) Trends per Launch Year (MY)

Chinese OEMs

HmMarke -
K} Pack SpecificEnergyvs
G
NS Launch Year
150 | ~ IACiEVEs xe
ﬂl Hawtai xEV360 = » Chart shows a general
H VIEV230 . =
i | o B = increase in battery pack
- Hawtai iEV2 30 i ; i
? Hasitsiievaan 134.6 specific energy in relation
130 | L= Hawtai EV230 BV to model year (MY).
= dard
;é_;' B Hawtai xEV260 IF.I:::S
z 120 e Gealy [rnnghd EN . .
2 #., —— Available with Report
E o .
S ol purchase
b &
2 o :
= < 8 — Geely Emgrand
100 | X \- Zhidou D2
\ .
BAIC EVIGO I‘. 'd.ﬁﬁ.li IEVS Luxury _%:I:'l_ BAIC EX200
g | N .%.'. IIII"' BAIC EU260
_ Tranennaned |I|L&MiE(13ﬂ'
o i f L BYD &5 EV300
80 |
JAC iEV4 Time Editian
o verage line
Trendline of average
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t : cotal Battery Pack Parameters SELG

2016-19 BAIC EX-Series EV

.~ BAIC EX360 Battery Pack

e
ESS Parameter 2016-18 ‘ 2018-19 ‘ 2018-19 2019 EX5
EX200 EX260 EX360
Pack Integrator BESK* Beijing Pride Beijing Pride | Beijing Pride
Image by CATL ® CATL reserves all rights Peak Power (kW) 23 23 80 160
Energy (kWh) 304 386 48 61.8
P/E Ratio (kW/kWh) 1.74 1.37 1.67 26
Mass (kg) 291 340 395 4218
Specific Energy (Whikg) 96 115 122 146.5
BMS Type Distributed
Thermal System Convection
Enclosure Material Metallic
Cell Supplier BESK CATL CATL CATL
BAIC EX5 Battery Pack Cell Chemistry NMC NMC NMC NMC
image by BAIC-BJEV © BAIC-BJEV reserves all rights Cell Type Metal Can Prismatic

* Beijing Electronics Holding & SK Technology Co., Ltd.
Copyright 2019 Total Battery Consulting, Inc.
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Image by BYD: @ BYD reserves all rights

Battery Pack Parameters

BYD
2016-19 BYD Qin EV
2015-19 BYD E5 EV

ESS Parameter 2015 ES 2017 2018 2019 Qin Pro
EV220 Qin EV300 Qin EV450
E5 EV300 E5 EV450
Pack Integrator BYD
Peak Power (kW) 160 160 160 120
Energy (kWh) 43 48 60.5 56.4
P/E Ratio (KW/kWh) 3.7 3.3
Mass (kg) 470 495
Specific Energy (Wh/kg) 91 97
BMS Type Distr

Available with

Thermal System

Liqui  Report purchase

Enclosure Material Me
Cell Supplier BYD BYD
Cell Chemistry LiFePO4 | LiFePO4
(36 Ah)
Cell Type Metal Can Prismatic

Copyright 2019 Total Battery Consulting, Inc.
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Image by Chery © Chery reserves all rights

(est)

Battery Pack Parameters Chery
ESS Parameter EQ EQ1 300 EQ1 400
Pack Integrator Tianjin EV CATL/Wuhu Qida CATL/Wuhu Qida

Energies/DFD Power Battery Power Battery
New Energy Systems Systems
Voltage (V nom) 310.8 300 (est) 300 (est)
Peak Power (kW) 1.8
Energy (kWh) 223
P/E Ratio (KW/kWh) 10 Available with Report
purchase
Mass (kg) 2956
Specific Energy 66
(Wh'kg)
BMS Type Distributed
Thermal System Convection
Enclosure Material Metallic
Cell Supplier Wanxiang A123 CATL (est) CATL (est)
Cell Chemistry LFP (72 Ah) NMC NMC
Cell Type Prismatic Pouch Metal Can Prismatic (est)

Copyright 2019 Total Battery Consulting, Inc.



Daimler/BYD JV Denza

Battery Pack Parameters 2014-19 Denza 400/500

total
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ESS Parameter 2014 Denza | 2017 Denza 2018 Denza
400 400 500
Pack Integrator BYD
Configuration 144s1p (est) 144s1p (est) 132s3p (est)
Voltage (V nominal) 475.2
Peak Power (kW) 86
Images by Denza- ® Denza Energy (kWh) 47.5 Available with Report
resenes alnonts P/E Ratio (kW/kWh) 1.2 purchase
Mass (kg) 550
Specific Energy (Wh/kg) 86
BMS Type Distributed
Thermal System Liquid
Enclosure Material Metallic
Cell Supplier BYD BYD BYD
Cell Chemistry LiFePO4 LiFePO4 NMC
Cell Capacity (Ah) 100 130 50 (est)
Cell Type Metal Can Prismatic

Copyright 2019 Total Battery Consulting, Inc.
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Images by Geely: © Geely reserves all righis

ESS Parameter

Battery Pack Parameters

2015
Emgrand

Geely
2015-19 Geely Emgrand EV

2017
Emgrand
EV300

2018 Emgrand EV450

2018 Emgrand GSE

Pack Integrator CATL CATL CATL
Voltage (V nominal) 356 350 (est) 350 (est)
Peak Power (kW) 95 95 -
Energy (kWh) 448 41

P/E Ratio (KW/kWh) 2.12 2.3

Mass (kg) 400 394

Specific Energy (Wh/kg) 112 124 Available with
BMS Type Distributec RE€POrt purchase
Thermal System Liguid (est

Enclosure Material Metallic

Cell Supplier CATL CATL

Cell Chemistry LFP NMC

Cell Type

Metal Can Prismatic

Copyright 2019 Total Battery Consulting, Inc.
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JAC
t : cotal Battery Pack Parameters 2016-19 JAC E/S Series
2016-19 JAC iEVx Series

JAC IEV7 Battery Pack
Images by JAC: © JAC reserves all rights

iEV4 IEVGE IEVGE
ESS Parameter Time Base/Time Edition | UPgrade/Sp
Edition orts
| | Heffei | Heifei Heifel | 4 oifei
SinoEV/Heifei a Guoxua
Guoxuan suoxuan G.unxuan n High- G.unxuan Sino SinoE
Pack Integrator High-Tech High-Tech High-Tech Tech High-Tech = Vv
P g Power Power Power
ower Energy E Power
nergy Energy Energy Energy
Peak Power (kW) 42 60 50 45 60 55 50
Energy (kWh) 23
P/E Ratio (kW/kWh) 1.8
Mass (kg) 245 (est)
Specific Energy (Whikg) 94 (est)
BMS Type : :
P Available with Report purchase
Thermal System Liquid
Enclosure Material
Cell Supplier
Cell Chemistry LFP
Cylindrical L Cylindrical
Cell Type 18650 Cylindrical 18650 18650

Copyright 2019 Total Battery Consulting, Inc.
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Image by CATL @ CATL reserves all rights

Battery Cell Parameters

NIO
2018-19 Nio ES8

Parameter 70 kWh 84 kWh Battery
Battery Pack Pack
Cell Supplier CATL CATL
Cell Type Metal-can Metal-can
Prismatic Prismatic
Anode Chemistry Graphite Graphite
Cathode Chemistry

Cell Capacity (Ah)

Cell Voltage (V)

Weight(g)

Dimensions (mm)

Volume (mL)

Specific Energy (Wh/kg)

Energy Density (Wh/L)

Specific Power (W/kg)

(10secdischarge)

Available with Report
purchase

Copyright 2019 Total Battery Consulting, Inc.



SAIC
t : Y Battery Pack Parameters 2018-19 SAIC Roewe Ei5

consulting 2019 SAIC Roewe ERX5
ESS Parameter ‘ 2018 Eid 2019Ei5 | 2019ERX5
CATL/Sha
CﬁTUShangh nghai CATL/Shanghai
ai Advanced Ad
; vanced Advanced
Pack Integrator Traction Traction Traction Battery
Battery
Systems SBattery Systems
ystems
Configuration 96s2p (est) 9{6955?][3! 96s3p (est)
Voltage (V nominal)
Peak Power (kW)
Energy (kWh) Available with Report
Top: SAIC Roewe Ei5 i P/E Ratio (KW/kWh) purchase
Battery Pack e e
Right: SAIC Roewe Mass (kg)
ERXS Battery Pack Specific Energy (Wh/kg)
BMS Type Distributed
Thermal System Liquid
Images by Roewe: ©
Roewe reserves all rights Enclosure Material Metallic

Copyright 2019 Total Battery Consulting, Inc.
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Zotye
t : i Battery Pack Parameters 2017-19 Zotye E200
consulting 2018-19 Ziji"’E Z500EV

201718 2018-19 2018

ESS Parameter E200 E200 Pro Z500EV 2019 Z500EV
. , Heifei Guoxuan
Huizhou EVE Shenzhen Tianjin EV -
Pack Integrator Energy BAK Battery Energies PGHVI:’QE? ;i;?gy
Peak Power (kW) 60 60 95 95
Energy (kWh) 24.5 31.9 39 49.7

P/E Ratio (kW/kWh)

Zotye E200 Battery System Mass (kg)

Available with Report purchase

Image by Zotye: © Zotye reserves all ights Speclﬁc Energy (thkg)

BMS Type

Thermal System Convection (est)
Enclosure Material Metallic

Cell Supplier Tenpower, BAK, Wina (est)
Cell Chemistry NMC (est)

Cell Type Cylindrical 18650 (est)

Copyright 2019 Total Battery Consulting, Inc.



t L Battery Packs of Modern xEV's Report Outline

conaulting

|.  XEV Battery System Key Design Attributes

Il. Battery Packs for EVs

Ill. Battery Packs for PHEVs

V. Battery Packs for HEVs

V. Charging Systems of EV/PHEVs

Copynght 2019 Total Battery Consulting Ine.



t g Battery Packs of Modern xEV's Section Outline

conaulting

lll. Battery Packs for PHEVs

A. PHEVs discussed in this section

B. Battery packs for PHEVs — Analysis

C. Vehicle-specific review for production PHEVs

Copynght 2019 Total Battery Consulting Ine.
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Vehicle List

THE FOLLOWING PHEVS ARE DISCUSSED IN THIS CHAPTER

2014-19 BMW 13/i3s (range-extender) (*)

2014-19 BMW i8
2016-18 BMW X5

2016-18 BMW 225xe iPerformance
2016-19 BMW 330e iPerformance
2017-18 BMW 530e iPerformance
2016-19 BMW 740e iPerformance

2017-19 Chrysler Pacifica PHEV

2015-17 Daimler Mercedes S550e
2015-18 Daimler Mercedes c¢350e

2016-18 Mercedes GLE550e
2012-12 Fisker Karma
2018 Karma Revero (¥)

2013-17 Ford C-max Energi
2013-19 Ford Fusion Energi (*)
2014-16 Cadillac ELR

2011-15 Chevrolet Volt-Gen1
2017-18 Cadillac CT6

2016-19 Chevrolet Volt-Gen2
2014 Honda Accord PHEV
2018-19 Honda Clarity PHEV (%)
2016-19 Hyundai Sonata PHEV
2018-19 Hyundai lonig PHEV (%)
2017-19 Kia Optima PHEV
2018-19 Kia Niro PHEV (¥)
2013-19 Mitsubishi Outlander

Copynght 2019 Total Battery Consulting, Ine.

« 2012-15 Toyota Prius Plug-in

« 2017-18 Toyota Prius Prime Plug-in

- 2016-18 Audi A3 E-tron

= 2017 Audi Q7 E-tron

+ 2015-18 Porsche Cayenne S E-hybrid

« 2014-18 Porsche Panamera S E-
hybrid

+ 2014-17 Volkswagen Golf GTE

« 2015-17 Volkswagen Passat GTE
= 2013-16 Volvo V60 PHEV

- 2016-17 Volvo XC90 PHEV

(*) New/updated model in 2019 report
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PHEV/EREV Trends

E-Range

PHEV/EREV Industry - e-Range (miles)
. EFPA E-Range
Distribution
126 (miles)
o Min =39.0
Ave = 26.7
Max = 126.0
a7 Median = 20.0
100
T 8
i 72
¥
& 60 53
47
" “s  Available with Report purchase
20 114141414141414 13 DCEEE
9
ﬂ NHTHTHTT
BN D D &
EERAS SIS
@@ & o & fséiﬁ a\‘fﬁ;‘f@@i@#
[ = . S
5 & S f‘,@ o &
dg:@' {}@‘ 65}4 Iﬁ?ef @d&é"

Copynght 2019 Total Battery Consulting, Ine.

E-Range Diversity
» Large diversity of e-range
+ BMW i3 offers largest range

+ Average e-range is 26.7, and median value
Is 20 Miles




thr==. PHEV/EREV Trends E-Range

conaulting

PHEV/EREV Industry - EU e-Range (km)

E-Range Diversity
EU E-Range

Distribution
(km)

R Sx » EU Market Targeting 50 km e-range

» Large diversity of e-range

=

e-range [km)
s

&0
L8
23
~ 2 Ave = 44.9
= Max = 60.0 prior to WLTP emission standards
Median = 50 upgrade
a0
20
10

n

& "*’“@*- & «.S“ﬁ. PO Sy
*“’*“"ﬁﬁi@iﬂﬂi g"s@‘ e@‘ff_f

«“ﬁ@s“ﬁfﬁ -
<

Copynight 2019 Total Battery Consulting, Ine.



thr==. PHEV/EREV Trends ESS Specific Energy

conaulting

PHEV/EREV Battery Pack Specific Energy (Whr/kg)

e Battery Pack Specific
% Energy Diversity
e . » Largerange of47.9t0 152.3
k)
1200 e » BMW i3, 17 Panamera,
S Cadillac CT8, and Chevy

-

Volt represent the highest
specificenergy

DR B RS T

ESS Specific Energy (Whr/kg)
&
j i ]

et
@%ﬁ\ Pack Specific Energy Distribution
60,0 ) ) (Whikg)
Available with Report purchase Min = 47.9
400 | Ave =829
Max = 152.3
Median = 80.0
200
‘-”’-_‘;,., o ;.@’ &v'”' 2SSy
$85554 g é"é’?-ﬁ' §¢
?fﬁf wa ,; FiieE
‘; §£§f f; ﬁf'if; / fg{! A jf
. & ES
Yl AL f! /
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BMW Group
t L sectery Battery Pack Parameters 2014-19 BMW i3 EV

consulting (w/ Range-Extender)

ESS Parameter 201416 A 2017-18
Pack Integrator BMW
Configuration 96s1p
e | ‘ \ | Voltage (V nominal) 360

| _ Peak Power (kW) 125 125 (est) | 125/135
Energy (kWh) 22.0 33 42.2
P/E Ratio (kKW/kWh) 5.7 3.8 3.0/3.2
Mass (kg) 233 267 (est) | 277 (est)
Specific Energy (Wh/kg) 94 .4 123.6 152.3
BMS Type Distributed
Thermal System Refrigerant
Enclosure Material Metallic

Images by BMW © BMW reserves all nights
hittps-Awww.press. bmwgroup. com

Copynght 2019 Total Battery Consulting, Ine.
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ey Design Review

Daimler Group

2015-18 Mercedes c350e; 2016-17 s550e
2016-18 Mercedes GLES50e; 2017-19 GLC350e

Vehicle & Battery Unique Afttributes

r
r

Y

One of a minority of OEMs using LiFePO, chemistry

Battery is packaged above rear axle

Initial ¢350e launch in Europe w/ US debut in December
2016 (CY)

Vehicle rallout plan of these two plug-in systems (6. 2kWh
& 8.7kWh)

3 Generation PHEV system announced to launch in
mid-2019 with a 13.5-kKWh battery

Battery built by ACCUMOTIVE with 37-8h NMC cells from SKI

Copynight 2019 Total Battery Consulting, Ine.

Top: Mercedes
s550e

Bottom Left:
Mercedes c350e

Bottom Right:
Mercedes
GLES550e

Images by Mercedes-
Benz © Mercedes-Benz
reserves all rights

httos.Awww. mercedes-
benz. comen/mercedes
benz/vehicles/passenger
-cars/s-classthe-s-500-
plug-in-hybrid!



total FCA Group
t : aanaun Battery Cell Parameters 2017-19 Chrysler Pacifica PHEV

consaulting

Parameter 201719

Cell Supplier LG Chem
Cell Type Prismatic Pouch
Anode Chemistry Graphite
Cathode Chemistry NMC (Ni-rich)
Cell Capacity (Ah) 48

Cell Voltage (V) 3.65
Weight (g) 895 (est)
Dimensions (mm) 159x300x10.5
Volume (mL) 498
Specific Energy (Wh/kg) 196 (est)
Energy Density (Wh/L) 350
Specific Power (W/kg) >1000
{10=secdischarge)

Note: Representative cell pictured, not actual cell

Image by LG © LG reserves all mghts

Copynght 2019 Total Battery Consulting, Ine.



General Motors
t ==, Battery Pack Parameters 2011-19 Chevy Volt

sansuiEing 2014-16 Cadillac ELR; 2017-18 Cadillac CT6
ESS Parameter Volt ELR CT6
Pack Integrator General Motors
. 96s3p (2011-15 Volt/ELR; 2016 ELR)
Configuration 9652p (2016-17 Vo) O6s2p
Voltage (Vnominal) 360
110 (2011-15 Vol/ELR; 2016 ELR)
Peak Power (kW) 120 (201617 Vol) 120
16.0 (2011-12)
16.5 (2013-14) 16.5 (2014-15)
LI 171 2015) 171 2016) LGk
18.4 (2016-17)
Top-left: 2011-15 Volt Battery Pack 6.9 (2011-12)
Top-right: 2016-17 Volt Battery P/E Ratio 6.7 (2013-14) 6.7 (2014-15) 65
Pack (KW/KWh) 6.4 (2015) 6.4 (2016) ]
Bottom: 2017 CT6 Battery Pack 6.5 (2016-17)
196 (2011-15 Volt/ELR; 2016 ELR)
Images by GM: ©® GM reserves all rights GRS 183 (201617 Valt) Ll
- http/media.gm.com 81.6 (201112)
Specific Energy 64 2 (2013-14) 84 2 (2014-15) 105 (est)
(Wh'kg) 872 (2015) 872 (2018)
100.5 (2016-17)
BMS Type Distributed
Thermal System Liquid-direct
Enclosure Material Composite

Copynght 2019 Total Battery Consulting, Ine.




baeery Battery Cell Parameters 2014 Honda Accord PHEV

t Honda Motor Company
c sensulEing 2018-19 Honda Clarity PHEV

2018-19 Clarity

Parameter 2014 AccordPHEV PHEV
Cell Supplier Blue Energy Panasonic
Biue Energy . Cell Type Prismatic Metal Can | Prismatic Metal Can
= H'"g — EwE@;m Anode Chemistry Graphite Graphite
i ) N Cathode Chemistry LiFePO4 NMC

sl Cell Capacity (Ah)
Cell Voltage (V)

Top: Image by Blue Energy ©

Elue Energy reserves all rights Weig ht (g}
httc:f}'in'n';._b-'ue-
snargy co g sreiosa/po Dimensions (mm) Available with Report purchase
Bottom. Image by Panasonic © Volume (ml—}
Fanasonic reserves all rights ‘g
hitp-#news.panasonic.comglobalfim SpElelE Energ}' {thkg]
ages/01PHEV. ipg .
Energy Density (Wh/L)
Specific Power (W/kg) >788 (based on system 1304
(10sec discharge) power)

Copynght 2019 Total Battery Consulting, Ine.
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Battery Cell Parameters

Image by Panasonic @ Panasonic reserves all rights
hittp:news. panasonic. com/fglobalimages/01PHEV jpg

Toyota Motors Corporation
2012-15 Toyota Prius Plug-In
2017-19 Toyota Prius Prime Plug-In

Parameter “12-15 17-19 Prime
Cell Supplier Panasonic

Cell Type Prismatic Metal-Can
Anode Chemistry Graphite
Cathode Chemistry NMC

Cell Capacity (Ah) 21.5 25
Cell Voltage (V) 3.65 3.65
Weight(g) 746 690
Dimensions (mm) PHEVZ2: 148x26.5x91
Volume (mL) 357

Specific Energy (Wh/kg) 110 134
Energy Density (Wh/L) 223 259
Specific Power (W/kg) (10secdischarge) n/a 1304

Copynght 2019 Total Battery Consulting, Ine.
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Battery Pack Parameters

Volkswagen Group
2016-18 AudiA3 e-tron

2014-17VW GoIf GTE; 2015-17 VW Passat GTE

Audi A3 Sportback e-tron

Aufbau der Lithium-lonen-Hochwolt-Batterie

Stristtude of the Lithium-ion high-voltage battengd

a1y Gahdssecberschale

Lewwser housing shell
idiecast aluminumi

o " an e g
i 4 - i »
" i . ".-i_ '
S L F B —
ell Management
Cantroller} w |
Cehdispinterschals ——
{Alsmirdum Druckguss)

¢11D ESS Parameter gi;g_?g Pg?rsEat
- Pack Integrator VW
Configuration 96s1p
Voltage (V nominal) 360
Peak Power (kW) Hpﬁ:’;‘}e”" 35pg23’::}9”"

Lo Energy (kWh)

{Battery Management

Cantrolkern

P/E Ratio (kW/kWh)

. Mass (kg)
Specific Energy
(Whikg)
BMS Type

Available with
Report purchase

Image by Audi: © Audi reserves all ights - httos . Aswww. aud-
mediacenter. comsensphotos/albumsaudi-a3-sportback-e-tron-12

Thermal System

Ligquid-glycol

Enclosure Material

Metallic (aluminum)

Copynght 2019 Total Battery Consulting, Ine.
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Vehicle & Battery Unique Attributes
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Design Review

Volkswagen Group

2016-18 Audi A3 e-tron
2014-17VW Golf GTE; 2015-17 VW Passat GTE

Shared powertrain and battery between Audi A3 & VW Golf GTE

Battery pack mounted below rear seat
VW Golf GTE only sold in Europe

Uses liquid cooling system as opposed to the e-Golf which uses convectionw/ same

battery cell

Passat GTE shares mechanical structure w/ A3/Golf battery but changesthe cellto a

higher capacity Samsung 28-Ah cell (still in PHEVZ form factor)

Passat GTE announced for late 2019 with upgraded battery to 13.0 kWh (from 9.9 kWh)

Top Right: VW Golf GTE
Bottom Right: VW Passat GTE
Bottom Left: Audi A3 e-tron

Image by Audi © Audi reserves
all rights

Images by Volkswagen: ©
Volkswagen reserves all nights

Copynght 2019 Total Battery Consulting Ine.




Volvo Group
2013-16 V60 PHEV; 2018-19XC60

Battery Pack Parameters

total
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2016-19XC90PHEV; 2017-19 S90 PHEV

17-19S90
ESS Parameter 13-16 V60 | 16-17 XC90 | 18-19 XC60
18-19 XC90
Pack Integrator LG Volvo/LG
Configuration 100s2p 96s1p
Voltage (V nominal) 370 355
Images by Volvo: © Volvo Peak Power (kW) 50 65
reserves all ighis
hitps fwww media volvocar Energl.,,ur (kWh) 11.2 g2 10.4
s.r::c:mr‘[.r_kfen-
o essreleases/il P/E Ratio (kW/kWh) 45 7.1 6.25
Mass (kg) 138 (est) 113 114
Specific Energy
(Whika) 81.4 814 91.2
BMS Type Distributed
Thermal System Liquid-glycol
Enclosure Material Metallic (aluminum)

Copynght 2019 Total Battery Consulting, Ine.




t g Battery Packs of Modern xEV's Section Outline

conaulting

lll. Battery Packs for PHEVs

A. PHEVs discussed in this section

B. Battery packs for PHEVs — Analysis

C. Vehicle-specific review for production PHEVs

US/EU/JP/KR PHEVs

PHEVs made in China

Copynght 2019 Total Battery Consulting Ine.



tbt E:::‘I".:. Vehicle List

THE FOLLOWING PHEVS ARE DISCUSSED IN THIS CHAPTER

CHINESE OEMs

- BYD Qin Pro DM: 2018-19 Geely Emgrand : 2018-18

- BYD Song DM: 2017-19 » SAIC Roewe e550: 2014-17
- BYD Tang : 2018-19 + SAIC Roewe €950 : 2016-19
- BYD Tang : 2018-19 « SAIC Roewe Ei6: 2017-19

* Chery Arrizo 7e : 2016-19 SAIC Roewe eRX5 : 2016-19

+ Geely Borui PHV: 2017-19

All models are new in 2019 report

Copynght 2019 Total Battery Consulting, Ine.



t C==, PHEV/EREV Trends Pack Capacity

consaulting

PHEV - Pack Capacity (kWhr) CHINESE OEMs

30

Battery Pack Capacity
Diversity

5

» Large diversity of battery pack
sizes and e-range

[
(=]

BYD Tang has largest battery
pack

Pack Capacity [KWhr)
=
(V]

Available with Report purchase
Pack Capacity Distribution (kWh)

Min = 9.0
Ave =13.8
Max = 24.0

Median = 11.8

=
[=]

Copynght 2019 Total Battery Consulting, Ine.



thr==. PHEV/EREV Trends E-Range

conaulting

PHEV - e-Range (NEDC km) CHINESE OEMs
120 2
E-Range Diversity
100 44 - ;
o » Large diversity of e-range
5
E + BYD Tang offers largest range
80 35 ~§
= + Average e-range is 69.4 km, and
E 5 median value is 60 km
é 60 ? .;9? = 26 §
E 2 g E-Range Distribution (NEDC km)
s Min = 50.0
40 17 E Ave = 69.4
~ Max = 100
§ Median = 60.0
)
20 3
5 . - 5
G W . &
: f & yF
; & .
g .
§ & F &
§ &£ & f
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thr==. PHEV/EREV Trends ESS Specific Energy

conaulting

PHEV - Battery Pack Specific Energy (Wh/kg) CHINESE OEMs

Battery Pack Specific
Energy Diversity

» BYD Tang representthe
highest specificenergy

Pack Specific Energy Distribution
(Whikg)
Min=T77.2
Ave = 90.6
Max= 114.1
Median = 86.8

A S

AV A YA AN A Y &Y

Copynight 2019 Total Battery Consulting Ine.
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BYD Song DM

images by BYD © BYD reserves all nights

Battery Pack Parameters

ESS Parameter

Pack Integrator

Qin Pro DM

BYD

Song DM

BYD

BYD

2018-19 Qin Pro DM
2017-19 Song DM, 2018-19 Tang DM

Tang DM

BYD

Peak Power (kW) 110 (system) 110 (front motor) 110 (front motor)
110 (rear motor) 180 (rear motor)

Energy (kWh) 14.38 16.9 19.96 | 23.97

P/E Ratio (kW/KWh) 7.6

Mass (kg) 142 Available with Report

purchase

Specific Energy (Wh/kg) 101.3

BMS Type Distributed

Thermal System Liquid

Enclosure Material Metallic

Cell Supplier BYD BYD BYD BYD

Cell Chemistry LFP LFP LFP LFP

Copynght 2019 Total Battery Consulting, Ine.



Geely
t : Bactery Battery Pack Parameters 2017-19 Emgrand PHEV
sansulting 2018-19 Borui GE PHEV

ESS Parameter Emgrand Borui
Pack Integrator CATL CATL
Peak Power (kW) 114 (system) 80

Energy (kWh)

P/E Ratio (kW/kWh) Available with REPOH

Mass (kg) purchase

Specific Energy (Wh/kg)

Image by Geely © Geely reserves all nghts BMS Type Distributed
Thermal System Liquid (est)
Enclosure Material Metallic
Cell Supplier CATL (est) CATL (est)
Cell Chemistry NMC (est) NMC (est)

Copynght 2019 Total Battery Consulting, Ine.
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QOverview

SAIC

2017-19 Roewe Ei6; 2014-17 Roewe e550;
2016-19 e950; 2016-19 Roewe eRX5

Overview

» SAIC produces multiple xEVs

» PHEVs include:

« SAIC Roewe EI6

» SAIC Roewe 550

= SAIC Roewe €850

Image by SAIC © SAIC reserves all nighis

Copynight 2019 Total Battery Consulting, Ine.




SAIC

2017-19 Roewe Ei6; 2014-17 Roewe e550;
2016-19 e950; 2016-19 Roewe eRX5

Battery Pack Parameters

total
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ESS Parameter

Roewe Ei6

Roewe eRX5

Roewe e550

Roewe €950

Pack Integrator Wanxiang Wanxiang Wanxiang Wanxiang
A123 A123 A123 A123
Peak Power (kW) 60 (sys) 56 (sys) 44 (sys) 60 (sys)
Energy (kWh) 9
P/E Ratio (KW/kWh) 6.7
Available with Report purchase
Mass (kg) 108
Specific Energy (Wh/kg) 83.3
BMS Type Distributed (est)
Thermal System Liquid (est)
Enclosure Material Metallic
Cell Supplier Wanxiang Wanxiang Wanxiang Wanxiang
A123 (est) A123 A123 A123
Cell Chemistry LFP NMC LFP NMC

Images by SAIC © SAIC reserves all rights

Roewe eRX5 Battery

Copynght 2019 Total Battery Consulting, Ine.



t Battery Packs of Modern xEV's Report Outline

conaulting

|. XEV Battery System Key Design Attributes

|l. Battery Packs for EVs
[ll. Battery Packs for PHEVs
IV. Battery Packs for HEVs

V. Charging Systems of EV/PHEVs

Copyrizht 2019 Total Battery Consulting, Ine.



t e Battery Packs of Modern xEV's Section Outline

conaulting

IV. Battery Packs for HEVs

A. HEVs discussed in this section
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= 201315
= 201216
201112
201315
2010-11
201315
= 2010-1
= 201013

Vehicle List

BIW Activehybrid 3

BMWW Activehybrid &

BMWW Activehybrid 7

BMW ActiveHybrid 7

BMW ActiveHybrid X6 Hybrid
Mercedes E400 Hybrid
Mercedes ML450D

Mercedes S400 Hybrid

2019 Mercedes AMG CLS53 & E53 (%)
2019 Mercedes CLS450 (#)

2009-09

Dodge Durango/Aspen HEV

2019 Dodge Ram 1500 (#)
= 2018-19 Jeep Wrangler (#)

= 20137
200512
2010-19
201119
200913

= 200810

= 201619
201314
2004-07

Ford C-max Hybrid

Ford Escape/Mariner/Tribute
Ford Fusion

Lincoln MKZ Hybrid

Cadillac Escalade Hybrid
Chevy Malibu Eco

Chevy Malibu Hybrid

Chevy Malibu eAssist

Chevy Silverado/Sierra Hyhbrid

HEVs DISCUSSED IN THIS SECTION

200913 Chewy Silverado/Sierra Hybrid
201718 Chevy Silverado/Sierra Hybrid (%)
2008-13 Chevy Tahoeukon Hybrd

2016 Chewy/GMC Silverado/Sierra
2007-09 Saturn VuelAura Greenline

2012-16 Buick Regal/LaCrosse eAssist

201314 Acura ILX Hybrid
2014-19 Acura RLX Hybrid
2017 Acura MDX

2017 Acura NSX

2005-07 Honda Accord Hybrid

2014-15, 17-19 Honda Accord Hybrid

2003-15 Honda Civic Hybrid
2011-16 Honda CR-Z Hybrid
2000-06 Honda Insight
2010-14 Honda Insight
2019 Honda Insight (*)

2012-16 Honda Fit/Jazz Hybrid (Japan)

2011-17 Hyundai Sonata Hybrid
2017-19 Hyundai lonig Hybrid
201119 Kia Optima Hybrd
201719 Kia Niro Hybrid

201216
201213
201417
2014-18
201417
2007-11
2014-14
201016
201215
2014-16

Mazda Axela Hybrid (Japan)
Infiniti M35h Hybrid

Infiniti Q50 Hybrid

Infiniti Q70 Hybrid

Infiniti QX60 Hybrd

Missan Altima Hybrid

Missan Pathfinder Hybrid
Missan Fuga Hybrid {Japan)
Missan Cima Hybrid (Japan)
Missan Skyline Hybrid {Japan)

2016 Nissan Murano Hybrid

201719
201416
20117
201319
2007-11
201318
201012
2008-16
2018-19
201819
2015-19

Missan Rogue Hybrid
Subaru Crosstrek Hybrid
Lexus CT 200h
Lexus ES 300h
Lexus GS 450h
Lexus GS 450h
Lexus HS 250k
Lexus LS 600h
Lexus LC 500h ()
Lexus LS 500h (#)
Lexus NX 300h

Copyright 2019 Total Battery Consulting, Ine.

2006-08 Lexus R 400h

2010-19 Lexus RX 450h

2019 Lexus UX 250h (#)

2013-19 Toyota Avalon Hybrid
2007-19 Toyota Camry Hybrid
2018-19 Toyota Camry LE (#)
2006-19 Toyota Highlander Hybrid
2001-19 Toyota Prius

2012-19 Toyota Prius c

201217 Toyota Prius v

2019 Toyota Prius AWD

2016-18 Toyota RAVS Hybrid
2013-16 Audi Q5 Hybrid

2019 Audi AB Hybrid (*)

2019 Audi A7 Hybrid (*)

2019 Audi A8 L Hybrid (#)

2011-14 Porsche Cayenne S Hybrid
201213 Porsche Panamera S Hybrid
2013-16 Volkswagen Jetta Hybrid
2011-15 Vaolkswagen Touareqg Hybrid

* New/updated model in 2019 report
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Pack Capacity

HEV Pack Capacity (kWhr - total)

Barttery Pack

Capacity Diversity

» Diversity of battery
pack sizes

~ Average battery size
Is 1.25 kWh

B
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i

=
(=]

Pack Capacity
Distribution (kWh)
Min = 0.37
Ave =1.25
Max = 2.53
Median =1.3

Pack Capacity (kWhr)
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ﬂl\j Satesey ESS Specific Energy

conaulting

. Barttery Pack Specific
Pack Specific Energy (Whr/kg) Eharay G ity
45.0 a:’a?,;-‘; ) » Large range of 17 to 42

> o
= 40.0 Cop » Graph does not show
£ 350 clear differentiation

= between NiMH-based
= 30.0 L pei s systems and Li lon

Al e

1@ 5 '?-'??*?? bR

@ 25.0 TP o . » Note: 42/48V systems
ﬁ 20.0 SR are not graphed

=

S 15.0

L=% Pack Specific Energy
:: L Distribution (Whikg)

B 50 - . Min=17.0

& = Available with Report purchase B

0.0 Max = 42.2
4009930000 S
. % Median = 30.4
SSSRSTe R
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Battery Pack Parameters

Images by Daimler @ Daimler reserves all nghts

ESS Parameter

48V EQ Boost

Daimler Group

2019 Mercedes 48V HEV Family

Battery
Model Years 2019
Pack Integrator Accumaotive
Chemistry Family Lithium-lon

Configuration

1251p (est)

Voltage (V nom) 428
Peak Power (KW) 16
Energy (kKWh) 09
P/E Ratio (KW/KWh) 17.8
Mass (kg) 15 (est)
Specific Energy (Whr/kg) 60
BMS Type Centralized
Thermal System Liquid
Enclosure Material Metallic

Copyright 2019 Total Battery Consulting, Ine.



FCA
2019 Dodge Ram 48V HEV
2018-19 Jeep Wrangler 48V HEV

Battery Pack Parameters
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Dodge Ram JeepWrangler
Bigh Current ESS Parameter 48V eTorque 48V eTorque

/ Battery Battery

e, - Model Years 2019 2019
= & ﬁ gurtls

Pack Integrator LG Samsung

Chemistry Family Lithium-lon Lithium-lon
Seaealy Configuration 12s1p 12s1p
Voltage (Vnom) 438 438

Images by FCA & FCA
reserves all nghts

Peak Power (KW)

Energy (kKWh)

P/E Ratio (kW/kWh)

Available with Reportpurchase

n/a (integrated n/a (integrated

Mass (kg) battery module w/ | battery module w/

system) system)
Specific Energy
(Whr'kg) n/a n/a
BMS Type Centralized Centralized
Thermal System Air Liquid
Enclosure Material Metallic Metallic

Copyright 2019 Total Battery Consulting, Ine.

Source: Forbes hitps./iblogs. forbes com/samabuelsamid/files/2018/08/2018-Ram-1500-eTorgue-first-drve-1280-1-0f-8 jog @ Forbes reserves all mghts




| : Ford Motor Company
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t ™ cectery OEM Product Overview 2005-19 Ford HEV Family

conaulting

Ford HEV Family

* 350VNIMH * 330VNIMH » 275V Lilon
* 2005-12 Ford Escape Hybrid 2WD/MWD * 201012 Ford Fusion Hybrid * 2013-19 Ford Fusion Hybrid FWD
(2012 AWD) *  2010-11 Mercury Milan « 201317 Ford C-max Hybnid
*  2006-11 Mercury Mariner Hybrid 2WD/4WD * 201112 Lincoln MKZ Hybrid * 2013-17 Lincoln MKZ Hybrid FWD

* 2006-11 Mazda Tribute Hybrid 2WD/4WD

2016 Lincoln MKZ Hybrid 2016 Ford Fusion Hybrid 2005 Ford EscapeHybrid

Images by Ford © Ford reserves all nghts - hitps.//media ford. com/
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OEM Product Overview

General Motors
2004-19 GM HEV Family

Cadillac Escalade Hybrid

2012 Rogal 2.4L Ecotac with edssizt Technology

L...a.\ Hjm

&

Images by General Motors © General Motors resenves all
nghts  htlpAmedia. gm.com

GM Mild Hybrid Generations

» 2004-07: PHT (Parallel Hybrid Truck)
= 2004-07 Chevy Silverado
= 2004-07 GMC Sierra
» 2007-10:. BAS (Belted Alternator
Starter); Also ‘Greenline’
= 2007-09 Saturn Aura Hybrid Greenline
*  2007-10 Saturn Vue Hybrid Greenline
= 2008-10 Chevrolet Malibu Hybrid
» 2012-19:.eAssist— 115V BAS System
—Also “BAS+”
*  2012-15 Buick Regal eAssist
+ 2012-18 Buick LaCrosse eAssist
*  2013-13 Chevrolet Malibu eAssist
*  2014-14 Chevrolet Impala eAssist
= 2017-18 Chevy Silverado eAssist

Strong Hybrids
» 2009-13: 2-mode Hybrids (GM &

Dodge)
= 2009-13 Cadillac Escalade Hybrid 2WD &
AWD
= 2008-13 Chevrolet Tahoe Hybnd 2WD &
AWD

*  2008-13 GMC Yukon Hybrid 2WD & 4WD

= 2009-13 Chevrolet Silverado Hybrid 2WD &
AWD

»  2009-13 GMC Sierra Hybnd 2WD & 4WD
= 2009 Dodge Durango
= 2009 Chrysler Aspen
» 2016-19: Gen 2 Strong Hybrid
»  2016-19 Chevy Malibu Hybrid

Copyright 2019 Total Battery Consulting, Ine.



tatal : Honda Motor Company
t ™ cectery OEM Product Overview 2000-19 Honda HEV Family

conaulting

Honda Hybrid Generations

* 144V NiMH * 2013-16Honda CR-Z Hybrid
» 2000-06Honda Insight * 2013-14Acura ILX Hybrid
* 2003-05Honda Civic Hybrid * 2012-16Honda Fit/Jazz Hybrid
* 2005-07 Honda Accord Hybrid (Japan)
* 158V NiMH © 280V Lien
* 2014-15,17-19Honda Accord
» 2006-11 Honda Civic Hybrid Hybrid
* 100.8V NiMH * 2014-19Acura RLX Hybrid
* 2011-12 Honda CR-Z Hybrid * 2017-19Acura NSX Hybrid
* 2010-14Honda Insight * 2017-19Acura MDX Hybrid
* 144V Li-lon

* 2012-15Honda Civic Hybrid

Images by Honda © Honda reserves all nghts - hilp./automobiles. honda. com/

2016 Acura RLX Hybrid

Copyrizht 2019 Total Battery Consulting Ine.
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Blue Energy
EHWS 36v-5.0an

Rechargable Li-ion Battery
amde e AR

Acura NSX Battery Pack

Image by Blue Energy © Blue Energy reserves all rights

Battery Pack Parameters

Honda Motor Company
2000-19 Honda HEV Family

Insiaht Civic Accord
ESS Parameter Cw‘-i‘: CR-Z CR-Z Acura RLX | Honda

Accord Insight Acura ILX Acura NSX | Insight !

FitlJazz Acura MDX
201215 2014-15, 17-

2000-06 201112 201316 19

Model Years 2003-05 2006-11 2014-19 2019
2010-14 201314
2005-07 201216 2017-19
] 2017-19

Pack Integrator Honda
Chemistry Family NiMH Li lan
Configuration 120s1p 132s1p 84s1p 40s1p 72s1p 60s1p
Voltage (V) 144 158 1008 144 260 216
Peak Power (kW) 13.8 15 12
Energy (kWh) 0.86 0.95 06
P/E Ratio (KW/kWh) 16 158 20 Available with Report
Mass (kg) 32 35.2 295 purchase
Specific Energy
(Whikg) 27 27 205
BMS Type Centralized Centralized
Thermal System Alr
Enclosure Material Metallic

Copyright 2019 Total Battery Consulting, Ine.

T Estimated values




bactery Battery Pack Parameters 2011-19 Hyundai Sonata & 2017-19 loniq

t Hyundai Motor Group
: consulting 2011-19 Kia Optima & 2017-19 Niro

ESS Parameter Sonata/Optima lonig/Niro
Year 201112 2013-15 2016 2017 2017-19
-19
Pack Integrator Hyundai Hyundai
Top: Chemistry Family Lithium lon Pouch Li-lon Pouch
lonig/Niro Battery Configuration 7251p 64s1p
Pack \oltage (V nominal)
Middle :
. Peak Power (kW 34
Sonata/Optima L
Battery Pack
Energy (kWh) 1.43 . .
Images by Hyundai © Available with Report purc hase
Hyundai reserves all nghts P/E Ratio (KW/kWh) 24 3
hitpAwww hyundainews.co
m/us/en/media/pressreleas Mass (kg) 43.5
es’
Specific Ener Whr/k 322
hitpAwww hyundai comdeu’ : 9y ( 9) . ,
en/Showrcom/E cadONIQ- .
Electric/PIB/index. himl BMS Type Centralized Centr.
Thermal System Air Air
Enclosure Material Metallic Metallic

Copyright 2019 Total Battery Consulting, Ine.
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t L sectery OEM Product Overview 2007-19 Nissan/Infiniti HEV Family

Nissan/Infiniti Hybrid Generations

e 244.8V NiMH * 2014-16Nissan Skyline Hybrid
(Japan)

* 144V Li-lon
* 2014 Nissan Pathfinder Hybrid

* 2012-17 Infiniti QX60 Hybrid
* 2016 Nissan Murano Hybrid

¢ 2007-11 Nissan Altima

* 346V Li-lon

* 2012-13Infiniti M35h Hybrid
2014-18 Infiniti Q70 Hybrid
* 2012-18Infiniti Q50 Hybrid

e 2010-16Nissan Fuga Hybrid ~ >0V
(Japan) * 2015-2019 Nissan e-note
* 2012-15Nissan Cima Hybrid e 202V Li-lon

(Japan)

* 2017-19Nissan Rogue Hybrid

Images by Infiniti © (nfinii reserves all nghts - hitpAwww. infinitivsa. com/contentidam/infinitivehicles’

2015 Infiniti Q70 Hybrid

Copyright 2019 Total Battery Consulting, Ine.



Toyota Motors Corporation
2001-19 Toyota HEV Family

total
battery
conaulting

t

OEM Product Overview

Unique Hybrid Battery Pack Designs

* 144V NiMH

2012-17 Toyota Prius ¢
201416 Toyota Corolla (Jpn)

* 201.6VNIMH

2004-09 Toyota Prius Gen 2
2010-15 Toyota Prius Gen 3

2016-19 Toyota Prius Gen 4 (certain
models)

2012-17 Toyota Prius v
201117 Lexus CT 200h
2014-16 Toyota Voxy/Noah (Jpn)

* 216V NiMH

2019 Lexus UX 250h

* 230.4V NiMH *

2014-16 Lexus GS 300h (EU & Jpn)
201516 Lexus RC (EU & Jpn)

* 244.8V NiMH

2007-19 Toyota Camry Hybnd
2013-19 Toyota Avalon Hybrid
2013-19 Lexus ES 300h

2010-12 Lexus HS 250h

2015-19 Lexus NX 300h FWD/AWD
2016-18 Toyota RAV4 Hybrid AWD
2014-16 Toyota Harrier (Jpn)

* 273.6V NiMH

2001-03 Toyota Prius Gen 1

288V NiMH

*  2006-19 Toyota Highlander

*  2006-08 Lexus RX 400h

*  2010-19 Lexus RX 450h

*  2007-11 Lexus GS 450h

*  2013-18 Lexus GS 450h

* 2008-16 Lexus LS 600h

*  2014-16 Toyota Majesta (Jpn)

* 207.2VLilon

* 2012-16 Toyota Prius v (Japan)
* 2016-19 Toyota Prius (certain models)

* 259V Lilon

2018-19 Toyota Camry LE

* 310.8V Lilon

* 2018-19 Lexus LC 500h Hybrid
* 2018-19 Lexus LS 500h Hybrid

Copyright 2019 Total Battery Consulting, Ine.
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t L ooty Battery Pack Parameters 2001-19 Toyota HEV Family

Toyota’s Li-lon HEV Products

ESS Parameter Lithium-lon Battery Packs
2016-19
2012-16 Prius : 2018-19 Lexus
Model Years v (Japan) 2016-19 Prius Camry LC 500h;
LS 500h
. I |
Pack Integrator F’an;ié%rgc e
Chemistry Family
Configuration obs
Voltage (V nom) 2072
Peak Power (kW) 60 (system) Available with Report purchase
Energy (kKWh) 1.03
P/E Ratio (KW/kKWh) 60
Mass (kg) 34
Specific Energy (Whikg) 29 .
BMS Type Centralized Distributed
Thermal System Air
Enclosure Material Metallic

Lexus LC 500hand LS 500h Battery

Images by Toyota © Toyola reserves all rights
Copyright 2019 Total Battery Consulting, Ine.
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Emmqﬁﬂ

Battery Cell Parameters

Volkswagen Group

2011-16, 2019 VW/Porsche/Audi HEV Family

2011-14 Porsche Cayenne S 2019 Audi A6
Parameter 201213 Porsche Panamera § | 201510V d‘fzﬁﬁa 2019 Audi A7
2011-15 VW Touareg i 2019 Audi A8 1
Cell Supplier Panasonic/Sanyo Panasonic LG Chem
Cell Type Cylindrical Prismatic Metal Can Prismatic Pouch
Anode Chemistry Mi Alloy Graphite Graphite
Cathode Chemistry NiO{OH) LINCM NMC
Cell Capacity (Ah) 6 ) 96
Cell Voltage (V) 1.2
Weight (g) 180
Dimensions (mm) 32.3Dx58.5L . .
Available with Report
Volume (mL) 48
purchase
Specific Energy (Whikg) 40
Energy Density (Wh/L) 1502
Specific Power (W/kg) (10sec disch.) 1055

Top left— Panasonic NiMH cylindrical cell
Middle —Panasonic Lilon Metal Can Prismatic Cell
Bottom - LG Chem Lilon Prismatic PouchCell

Copyright 2019 Total Battery Consulting, Ine.

! Estimated values

Images by Panasonic ©® Panasonic reserves all rights
Image by LG Chem @ LG Chem reserves all rights
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V. Charging Systems of EV/IPHEVs

A. Charging Systems Overview

B. Charging Standards

C. Application Usage of Charging

D. Vehicle Trends for Production EVs
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conaulting

» Charging Systems
+ Charge power determined by multiple items, including:
1. Battery Cell Capability

- Plating Avoidance

- Impacton Cycle Life

2. Battery Cell/lModule Condition at Time of Charge

— Impedance Degradation
- Cell Temperature

- SOC
3. Available Utility Power

4. Maximum Charging System Electronics Design

e o ‘Capacity of
— arger Maximum rower Ava“abie
—  Cabling/Wiring/Bus-Bars Energy:

5. Battery Thermal System

- Capability to Reject Heat to Maintain Peak Power Levels

Copynight 2019 Total Battery Consulting, Ine.



Charging Systems
Standards

t : —— Charging Systems for Modern EVs/PHEVs

consaulting

» Charging System Standards

Electric Vehicle or

Plug-in Hybrid-
Electric Vehicle

“AC Charging" cngﬁ;;‘?ﬂ}p
(typically on-board board AC/IDC
ﬁflﬁﬁmr power Source: rhangjiaganzyouchen
conversion)
1 |

GBIT (China)
20234.2-2015

ccsi ccs2
(SAE J1772) (IEC 62196)

GBIT (China)
20234.3-2015

IEC 62196

Tesla SAE J1772 (“Mennekes”)

CHAdeMO

Tesla

Heirase it

L]
DELPHI

SAE J1772 IECE2196 SAE J1772 IEC62196 CHAdeMO
Source: Delphi Source: Mennekes Source: SAE Source: Mennekes Source: Yazaki

Copynght 2019 Total Battery Consulting, Ine.



t e Battery Charging — Fast Charging Options

consaulting

» Charging
* 1. Growth outlook for charging infrastructure

+ DC Fast Charging (DCFC) grows in multiple standards

» Tesla supercharging
* CHAdeMO
» SAE 1772 ((Combo') — newer standard

» China GB/T charging standard

» 2. Potential difficulties to the roll out of charging infrastructure Chademo (left) and SAE Combo (right)

» Present-day infrastructure is still limiting for long-distance drives; requiring 30-40 minutes for charge every 2-3 hrs of driving

» Rate is mostly current-limited (i.e. max'd out)
= Porsche is proposing a high-voltage (~800V) architecture to allow for faster charge times for long-distance drives (targeting ~15 minutes)
» 3. Drivers leading to greater adoption
* Longer-range EVs open up ability to drive long distances
= Previously not possible w/ =100 mile EV range compliance cars
+ More of a driver demand for fast-charging in order to replace ICE cars

» (Otherwise, expectation is to keep an ICE car for convenience

» This is removed with longer-range EVs and short charge-times

Copynght 2019 Total Battery Consulting, Ine.
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» AC Charge Standards

Charging Systems for Modern EVs/PHEVs

Battery Charging
Standards

_ SAE J1772- IEC62196 — Type 2 “Mennekes” GE/T (China)
Ratings 2017 (Europe) 20234.2-2015
(US/Global) (1-phase) (3-phase) )
120V 16A, 32A
Level/Mode 1 12A 16A . 176|fw 1 113 iw 250V/400V
1.4 kKW 1.9 kW ’ ’ 4 KW 12.8 kW
240V
32 A 32 A
Level/Mode 2 80 A n/a
19.2 KW 7.4 KW 22.0 kW
63 A 63 A
Level/Mode 3 n/a 14.5 KW 43.5 kW n/a

» DCFC Standards

Chademo (left) and SAE Combo (right)

Ratings Tesla (in use in CCS (SAE J1772-2017) CHAdeMO GEB/T (China)
2018) DC Level1 DC Level2 20234.3-2015
Voltage (rated) 400V 50-1000 V 50-1000 V 200V 400-1000 V
Current (rated) 300A 80 A 400 A 125 A 80-250 A
Power (max rated) 120 KW 80 kW 400 kW 62.5 kW 32-187.5 kW
Power (application @ Vmax = 400Vdc) 120 KW 32 kKW 160 kKW 45 kW 90 kKW
Power (application @ Vmax = 800Vdc) n/a 64 kW 320 kW n/a 180 KW

Copynght 2019 Total Battery Consulting, Ine.



EV Road-Trip
Charging Example

t : —— Charging Systems for Modern EVs/PHEVs

consaulting

» Long-distance driving example

Initial drive I\ 2nd drive
100 -> 10% SOG < 80%-> 10% SOC

Charge V Charge
10 -> TBD% SOC 10 > TBD% SOC
(30min lim) (30min lim)

Example Vehicle Charﬁ Charge Real-World | Driving To
Power Power 30- Miles Added | Next Charge @
Peak min Ave (kW) Per 30-min 70mph (hrs)
(kW) Charge
Tesla Model 3 Long- 120 95 175.0 2.50
Range
Tesla Model S 100D 120 86 129.0 1.84
Chevy Bolt EV 50 45 75.9 1.08
Example Vehicle MPG Fuel added Real-world Driving To
(real- per refill (<30 Miles Added Next Refill @
world) min; 85% per Refill (mi) 70mph ave
capacity) (hrs)
Toyota Prius 20.0 9.6 480.3 6.86
Ford Explorer (AWD V6) 17.5 15.8 276.7 3.95

Copynght 2019 Total Battery Consulting, Ine.
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DCFC
DC Fast Charge Trends Protocol
Audi e-Tron 2019-19 CCS
» CCS is more prevalent for DC fast charging in vehicle design gﬂ 3 EEE éﬁi’rﬁfﬁ EEE
BMW i3s BEV 120 Ahr 2019-19 CCS
BMW i3s BEV 94 Ahr 2018-18 CCS
Chevrolet Bolt EV 2017-19 CCS
Ford Focus EV 2017-18 CCS
Count of Vehide Hyundai Ioniq Electric 2017-19 CCS
DC FAST CHARGE PROTOCOL Hyundai Kona Electric Long-Range 2019-19 | CCS
Jaguar [-Pace 2019-19 CCS
Kia Niro Electric Long-Range 2019-19 CCS
Kia Soul EV 2015-17 CHAdeMo
Kia Soul EV 2018-19 CHAdeMo
Mercedes EQC 2019- CCS
Mitsubishi iMiEV Japan-M-grade 2012-16 CHAdeMo
Mitsubishi iVGEV World 2012-17 CHAdeMo
Nissan Leaf 2011-13 CHAdeMo
Nissan Leaf 2014-16 CHAdeMo
cCcs Nissan Leaf 2018-19 CHAdeMo
58% Nissan Leaf (30kWh) 2016-17 CHAdeMo
Tesla Model 3 long-range 2017-19 Tesla
Tesla Model S 100D/P100D 2016-18 Tesla
Tesla Model X 100D/P100D 2016-18 Tesla
Volkswagen e-Goff 2015-16 CCS
Vollswagen e-Golf 2017-19 CCS
Vollcswagen e-Up 2013-17 CCS

Copynght 2019 Total Battery Consulting, Ine.
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EV Industry - Peak & 30-min Ave DC Charge Power

1600 DC Fast Charge Power

» Audi offers highestDC
fast-charging capability
based on preliminary
specifications

120.0

8
S

* Note: Allvalues In this
chart (except Tesla
Model 3) are

Charge Power (kW)
<3
=

60.0 . advertised/rated
3840 40 40 * Real-world/tested values
40.0 3s :
i i - . 208 25 are used elsewhere in
Available with Report purchase this report and are noted
20.0 as such
0.0
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