Cold Weather Issues for Electric
Vehicles (EVs) in Alaska
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Executive Summary
$ QIQRUP DOARMZ ICH VXYH GMEX\MG B\ \WH $ OVND & HOMUIRU( CHU\ DQG3RZHU $&(3 DW
WH 8 QYHWAW R $OV\D ) DILEDQ\V 8$) 1Q1 RYHP EHUR VKRZ HG WHUH LV VXEABIQIDO
QMHVQ HBIPWE YHKIE®! (9 DERSVRQIQ$ OVND WRXJK FRFHQV UHDWG \R FRG Z HDWHU
DMVXHV UHP DIQ 7R DGAHW \WHVH FRFHWQY KLY UHYIHZ. R @QMUDWIUH DQG H MIQ) IQRUP DIRQ RQ
( 9V IQ$ OVN\D I1QGV \KDVWKH FXUWHQA HQHIDIRQ ( 9V WSIFD® SHURP Z HOIQ FRG Z HDWHU Z W
VP LOURUEHWHUKDQGTR) FRP SDUHG \R P RUSKREJ IFD® VP IOUIQMEDOFRP EXWIRQ HQILCH |, & (
YHKIE®GNV 7KH P RWARQFHQIQ) FRG Z HDWHUMVXHY DUH O H IDQIH GHRUHDVHY  MBZ HUFKDUILQJ
WP HV ®Z HUSRZ HUDYDIOEIOW [Q H WHP H FRG DQG \WH QHHG \R NHHS D YHKIE®I SGUJHG IQRUIQD
KHDWMG VSDFH HVSHAD® GXUQ) H WQGHG SHURGY Z WK DP EIHQAMP SHIDWUHY EHBZ DERXW &
N YUXH(6 FKDDAMI HY VRP HR WHVH RSHIDMRCDOFRQFHQY Z MY UHVSHRVWR \WHU
FRUMHVSRQAQ) WP SHIDWIUH UDQI HV

Battery Physics
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Operational Effects

YUXH (6 /RZ WP SHIDWMWH WHIIP HV IRU( 9V 7KH \RS KDD VKRZV HIHFW R FRG \WMP SHIDWUAV RQ
EDWUHY GXH \R \WHU SK\MEV 0 RAWR WHVH HIHAW DUH SUHYHQIMG \WURXIK EDWHY P DQDI HP HQADQG
\KHUP DOP DQDIHP HOMWAMMP Y HJ  KHDWQY WH EDWY RUFKDULQ) WP RH VBZ®  7KH ERWRP  KDD
VKRZ V FRP P RQ RSHIMRQDOHIHRAW XS \R \WH SRMELDMV R EDWHY GDP DIH I VWRUHG |RUH] WQGHG SHURGY
DWMP SHDWMUHV EHBZ & f) ZMKRXDFFHW \R DGHTXDWM SRZ HUVR LKQ \WH EDWHY KHDWU 6 RXUFH

&RP SIBGE\ 0 [FKH® : 1EBHU

0 XFK R $ DVNDI/ SRSXOMRQ Q/HV 1Q DUHDV Z KHUH Z IQMUWP SHIDNUAY DUH FRP P RQD EHBZ
f& ) ZMKHYHQFRGHUMP SHIDMUHV IQ, QMIRUS OVND 0 RUH UAVHDUK IV GHHGHG \R

XQEHYADIQG \WH FKDU Q) SDWHDY WDWHQDE®! UHI XOUXVH R ( 9V IQ FRGHUFTP DMV VXFK DV

SOUJIIQ) 1Q DWZ RUN DQG \WH UHVXEBQWHQHU\ XVH IRUMBMRCDY EDIWAY SURMAIRY 2 Z GHYV

P DQXDY UFRP P HQG SOUJIQ) 1Q RUSDINGJ 1QZ DUP HUVSDFHY GXUQ) FRG Z HDWHU \WH

UHFRP P HQEDIRQ YDUHY EDVHG RQP DNH RUP RGHIEXWIDQEHDVKUK DV f& f)  YDVHGRQ



\WH QMUIDMUH UHYLHZ DQG DQHFGRBCHYIGHGH IURP LQAYIGXDCS VD GUIYHWY ( 9 UDQIHV GXUQ)
\WH Z IQMUDUH DERXVKDDR! VXP P HU RUGQRP IQDOWDQIHV

$&( 3 ZRIHGZ M \WH 8 QYHWWR : DWKIQIVRQ' ,5( &7 SURIUDP \R FUDW DQ RQEOH ( 9

7HP SHDMUWHO DS ) UXWH( 6  WDWAKRZ V\KUH P HWEY UHDWMG \R \MP SHIDXUH HIHRW RQ
SHURWP DQFH 2 QH P HWE LV D QRWP D@ HG ( 9 VFRUH EDVHG RQ\WH DYHUI H GDI® WDQIH BW IRU
DQ BFDMRQRQOQG FDBXOWGIURP D IMR GUMQI IDQIH BW YV WP SHDMWH XMQJ  \ HDWY/
R 1$6$ WP SHDMUH CDI 7KHVHRRQGP HWE IVWH 0 O] IP XP ( [ SHAMG 5 DQIH/ RW EDVHG RQ
\WH FROHWYMP SHIDWUH UHDFKHG IQWH OVW |\ HDIY 7 KH WILG P HWE 130 XWB0J 1Q' D\V RU
03, ZKEKWWHP D IPXP QP EHUR FROHEXYH D\ VIQWH  \ HDUWP SHDMUH UFRGLQ
Z KIEK WH DYHDIH WP SHDWWHGRHV QR FHHG f&  f)  DV\KIYV IV \WH DSSUR] P DM

WP SHUDWUH DVWZ KIFK DQXQBGJHG( 9 P D\ EH SHUP DQHQ® GDP DIHG
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7KHVH P HUEV P D EH XVHG \R SUHAFPWSHURUP DQFH DQG HIIFHQR RUIQRWP (9 VDM LV 1Q
UHIIRQVR WH Z R / RRNQ) DWKH ( 9 VFRIH P XFK R &KIQD 5 XWID ( XURSH ,FHDQG
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2 SSRUMQUIAV | RUIXUWKHUUHVHDURK B\ $&( 3 Z KIFK FRX@ EH FRQGXPMG [Q D FRG FIP DM @\H
) DILEDQ\V IQFOGH \WH IRTZ 1)
» THAWWHO KHDWQ) EDINULV

&RBPWDQG DQDO] H G RQ SRZ HUGDZ YV \MP SHIDMUH IRUGLIHIHON 9 P RGHY Z KI®!
FKDULQ) DQG Z KI®! IX® FKDUHG
THWHHY DG QRP IQDOFKDUIQ) VSHHGY YV WP SHUDMUA
&RBPWDQG DQDO] H GO RQP D IP XP WDQIH DQG HQHU\ XVH SHUP 1B YV \MP SHUDMUA
IRUGLIHIHQN 9 P RGHY
( YDODWM \KH FKDQIHIQP D] IP XP UDQIH RYHMP H \ HDY IRUVHYHIDY 9 P RGHY SDUHG
RXWMGH 1Q DP EIHQADIUWP SHIDWUA
,QHA DM HIHRW R H WHP H FRT RQ ( 9V SDUNHG [Q DP EIHQWDIUWP SHUDXUHY EXVWCRW
SOUJHGIQ HJ PIQP XP \ABGQ) WP SHIDXUH GW 1Q EDWHY \ABAM Rl FKDUH Z W \IP H
DQG EDWAY UHFRYHW Z KHQ EURXI KWEDFNIQR D Z DUP - HQYILRQP HQW 7HVI) VR \WH SRIQW
R VW QUEDQAEDP DIH RUIDGWH LH  SDMDCRURMBOBRW Rl EDMY FDSDFW Z RXG
SURYIGH XVHXAQRWP DIRQ EXWZ RX@ DOR IGFXUVXEWBIQIDCH, SHOHV
' HYHBS D Z RODE®I HBIFWE $79 DQGRUMQRZ P DFKIQH IRUKUDGS OVND XVIQ) QMIXP
\MUCDWM EDWHUHY | RUWHUVXSHURUFRTG SHURWP DQFH
, QVHVAN DM VHRRQEDY  H WATDCSRUIE®! FDELQ KHDVW/RXUFHV \WDWARX@ DXIVIDW \WH GUDZ
RQWH P DIQ EDWHY IRUKHDW) HJ  KHDWSDFNW
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Glossary of Terms
YWY ' HIUWDEDIRQ  SHUWP DQHQNRW R VARUDI H FDSDAW Rl \WH EDWHY
YWY 7 KHP DA DQDIHP HQM\VWMP %70 6 7 KH FRQARY DQG LQUDMIKPXUH \WDWDXBZ \KH

YHKIE®! VR FRRORUKHDVWH EDWY  DXVRP DUFD@ i HCKDQRH SHURWP DQRH RUEDWHY
KHDAK

%9 EDWHY HBPWE YHKIF®! DQDOEDWAY (9 Z MKRDQ IOMEDAFRP EXVWRQ HQJICH
&DEIQ \WH SDWHQIHUFRP SDUW HQAR WH YHKIE®!

& DM \WH FKDUH RUGVFKDUH UDW R DEDWY $ & AVRKDUH LV FRP SGWW GVFKDUH R WH
UDWMG FDSDAW R \WH EDWY IORCHKRXUD & QVRKDUH UDW LV FRP SGM AVFKDUIH 1Q

KDDDQKRXU DQG VR RQ
(9 HOPWE YHKIE®! D YHKIE®!H \WDVWKVHY HBIFWE P RRUV IRUSURSXOIRQ

N NGZDW DP HVXUHR HBPWEDCBRZ HU

N K NEGZDWKRXU D P HDVXUHR HBRMEDCHQHU\ DQG \WH XQWR VDB R HBIPWELW

[ HYHO &KDUIQ] /HYHO FKDUIQI XWHV 9 $& ZKIFK IV D WBQGEDWE KRXVHKRG RX\VBIW
&KDUJIQ) SRZHUY JHOHD® DIRXQG N

[ HYHO &KDUIQ) /HYHO FKDUIQI XVHV 9 $& ZKIFK LV \KH VDP H DV D WSIFDGEY HURX\VBW
DQGWSIFD@ XVHVDERXW N R SRZHU

[ HYHO &KDUIQJ /HYHO FKDUIQJ IVDORNRZQDV' & ) DWNKDUIQI DQG JHHD® LV DW
SRZHUBYHYR N RUDERYH

3(9 SOU IQHBPNE YHKIE®! DQ (9 3+( 9 RU 9 \WDWDQEH SOUJHG LQWR FKDUH \WH
EDWAY

3+(9 SOUIQK EUGHBFWE YHKIE®! D YHKIE®! Z W ERW HBIPWE P RRUV DQG DQIQMIDO

FRP EXVIIRQ HQJ ICH
5DQIH VRWUGXP EHUR P 1BV WDWDQ EH GUYHQ RQ D IXQFKDU H R \WWH YHKIE®! EDWAY SDFN DV

QVSD HGRQDQ( 9 FRQVRB! WDQIH LV DQ HIP DIM LOYROIQ) YDURXY DWXP SURQY

6HD' VFKDUHS5 DM WH UDW DWZ KIFEK D EDWY GVFKDU HV 1QWRIDIH



Introduction

, QMHVQ HBFWE YHKIEBN ( 9V IV IGFUHDVIQ) WDSIAD 1IQ$OWND ,Q \WH 8 QYHWVW R
$OW\D) DLEDQ\ 8$)  7UDQVSRUIMRQ & HOMUIQYHAM DIMG ( 9V IQ$OWND  $ GKRXIK \KH
WFKQREBJ\ Z DV DWD YHY GILIHIHQWABAM DWKH WP H - YHKIEGN Z HUH HWHUVHD EXIONRU
FROYHWRQY \KH UHSRWWRWMV 3( GIFWE 9 HKIFGN FDQ EH D YIDE®! RSWRQ | RUFHWEBIQ XVHLY 1Q \WH
VXEDURWF DQG DURIE FRP P XQUHV 0 RUH UHFHQWZ RINDV8 $) - KDV LQFGIGHG UHVHDURK. RQ EDWHLY
P DQDI HP HQNAMDWI IHV IRUFRG F@P DMV 7 KHUH KDV DOHDG. EHHQD @UH XSWINHRI SGUJ 1Q( 9V
1Q6 RAKHDWE OMN\D Z KHUH K\ GRRHOIPWE SRZ HUHQDE®N &Z FRWV \WH @ MGV HR URDG

WV WP V QU HO GHI DMV GUYIQ) IDQIH DY IHW \KH FTP DM [V UHOMYHO® WP SHIDM DQG
FRQVXP HY FDQ GUHA® DFFHW XVHG ( 9VIWRP \WWH/ RZHU  YIDIHW $VRI - XCH \KH
&KXIDFK ( OFPWE $ WRADURQ &( $  UHSRUMG \KDVWRYHU ( 9V Z HIH UHI MUHG 1Q WH HOIWH
VI R $OVN\D IQFAQ) YDWHY ( BPWE 9HKIFBN % 9V  Z KIFK DUH IX@® SRZ HHGE
HOPMEW DQG 30U 1Q+\ EUGOHKIEBN 3+( 9V ZKIFK FRP EICH HBIRWE P RRY DQG D
JDV SRZ HIHG IQMIDOFRP EX\MIRQ HQIICH |, & (

%HFDXVH ( 9V IQMDPWAUHA® Z W HBPWEDQ) HQHUIDWRQ W VWP V- GMMEX\MG DQG FRP P XQW
DQG KDYH \WH SRWQIDOR DPADV QVSDWKDE®! BDGY RUMRIN H R VXSSRWHBPWE J UG \ADELQW
$&( 3 1V IQVHMN DI UHVHDURK TXHMIRQY SHMOHOAR ( 9V IQ$OVND $ VXIYH AMUEX\MG
WURXIK $&( 3% Z HH\D QHZ VBMIHUIQ 1 RYHP EHUR! VKRZ HG \WDWFRT Z HDWHUM/XHV DQG
SHURWP DQFH Z HUH P DRUFRGAHWY

&R Z HDWHUFRQFHQV DUH QRMP WG \R$ OMVND $V D UHIIRQZ MY D KWK XS\WWNHR! ( 9V DQG
DP EIMRXV J RD® [RUMDQUMRQQ) \R ( 9V 1 RZ D\ IV D BDGHUIQ RSHIMY ( 9V IQ FRG FIP DMV
+ RZ HYHU GHVSIW RYHIDOSWRI AW IQ 1 RZ D\ GUYIQ) UDQIH D LHW 1Q FRG WP SHUDXUHV
UHP DIHG D FKD@QI H \R Z IGHVSUHDG ( 9 DERSWIRQ DV UHFHQ® DV

7 KLY UHSRWEH] LQV VR DEGUHW FRGFHUDY UHDWIG R GUIMIQ) D LHW 1Q FRT HQYILRQP HOW VIXFK DV
RSHUIDMRQDCSHURUP DQFH DQG EDWHY GHIUDEDVRQ © H UHYLHZ \WH (19 @MUDWUH IRUS OVND DQG
RWHUFRG FTP DMV DQG H| SBUH DQHFGRBICHYIGHQFH Rl SHURWP DQFH MXHV 7KH SUP DY IRFXV IV
RQ SDWHQIHUY 9V DINRXJ K \WH I.QEQIV DUH DSSTDE®! W RKHU( 9 FOWHVDQG3+( 9V : H
DOR SRVH UAVHDUK TXHWIRQY \KDWARX@ EH H| DP LQHG LQ IXWMUH VXAV

=KDQJ - *ROE O ) HDVEIOV 6\¥G. R ( BRNE &DWY IQ&RG 5 HIIRQY $ WD 8 QYHWAW
7 UDQVSRUBMRQ & HOMU

TKRPS\RQ |, 0 RGHIY DQGH SGUQ) EDWAY P DQDJ HP HQAMDMI LHY IRUXVHR! / 18 R2B;
ONXP SROP HUFH IQFRGF@®P DMV 0 6 7KHMY 8 QYHWIW R $ OVND ) DILEDQNY

6NDOY 6HDQ 6HS  SHWRQDOFRP P XQFDURQE\ HP DIO

© KMH ( 1RY $&( 3 (9VIQ$OWND6XYH

YUHEDXP ( $WXP 7 . RBHQAYHOAD ( GPWRP REWIQ1 RZ D\ ( [ SHUIHQFHV DQG

2 SSRUNMQUAV 5 HVHDUFK 1Q 7UDQVSRUIMRQ ( FRQRP [EV R MHWHE



Overview of Cold Weather Effects on Operational Performance and Battery
Degradation

%RDAD VSHDNQ) FRG \WP SHIDXUHV FDQ KDYH \& R QHJ DWH FRQVHTXHQFHV RQ( 9V
UHGXPIRQV 1Q RSHIDMRCDCSHURWP DQFHDQG EDWY GHIWDGEDMRQ 2 SHIDMRCDCSHURWP DQFH
IWVXHV IQFAGH D GP IQVKHG GUIYIQ) UDQIH FDXVHG E\ \WH EDWHY  FDEIQ DQG RIWHUKHDIQ DGV
DV Z HObV &Z HUHCHU\ DQG SRZ HUDYDIOE®! IURP  FRG EDWHMUHY |, Q DCAWRQ W FRG Z HDWHU
DWVXHV \RDWDUH XQTXH R ( 9V BHGXPUIRQV 1Q RSHUIDMRQDOSHURWP DQFH FRX@ EH FDXVHG B\
WDRWRQ DQG RKHUHQYILRGP HQBAFRQAMRQY \KDWDIHHRAWDQYHKIEBN 2 Q\WWH RKHUKDQG EDWY
GHI IDEDMIRQ RFFXLY Z KHQ FRG \MP SHIDWUHV GDP DIH ( 9 EDWHUHY Z KIFK FDQ VKRUMQ \WH
YHKIE®N @HVSDQ

7 KH FRG Z HDWHUSHURUP DQFH R GLIHIHQN 9 P RGHY P D\ YD EHFDXVH EDWHY \WMRKQR®J IHV
EDWAY KHDMZY DQG P DQDI HP HQAA VMP V' DQG FDEIQ KHDWQY) \WFKQRBJ LHV VRP HWIP HV GlLIHU
+RZHYHUP DQ R \WH SURSUHVIWY GHWBLY IRUFRP P HUAD@® DYDIDE®! P RGHY DUH QRIBXETF
NQRZ BIGIH

2 | SXEGF® DYDIDE®I NGRZ BIGJH RSHIDIRQDCSHURUP DQFH LQIRWP DURQ LY JHQHD® GRAXP HOWG
IQWHIRP R GUIYIQ) DQIH DQG CDWI BHSRW IURP EUH GUYIQ) \WMWW R D @ WG QXP EHUR! ( 9V
B\ UAVHDUFKHLY DQG RIMHWY DQG DQHFGRIBCHYIGHQRH GHUYHG IURP RZ QHUH] SHUHQRHV

0 HDQZ KIG! EDWHY GHJ IDGDMRQ KDV EHHQ LOYHM DIMG B\ UMVHDUFKHLY XVIQJ EDIWY P RGHY
WHRY  DQG OE \MILY

) UXWH  VXP P DU HV WH FRG \WMP SHIDWUH HIHFW RQ ( 9 RSHIDWRQDCSHURUWP DQFH DQG EDWHU
GHIWDAEMRQ DRI Z W DM LHY W DP HIRIDW \WHVH HIHRW

-DIXHPROM- YRXBQ / ' XEp < $ FRP SUHKHQUYH BHVIHZ R @KIXP 1RQ EDWHUHY XVHG 1Q
K\ EUG DQG HBIPWE YHKIEGN DWFRTG \MP SHIDWMUHY $ SSTHG ( QHU\
QR MDSHQHU\



Battery Physics

-20°C 0°C 10°C ~21°C
_ Slower charging/ discharging, Possible Ideal battery
Freezing higher internal resistance, degradation .
Danger possil?le degradation during durinq fast temperatures
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Damage risk if | Lower power possible, lower Lower range, Possible &
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heat battery charging, energy used o f“jm, cabin i E
warm battery and cabin heating | g
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Operational Effects

YUXWH  /RZ WP SHIDMWUWH UWHIIP HV IRU( 9V 7KH RS KDOWKRZ VHIHFW R FRG WP SHIDMUHV RQ EDWHURV
GH W WHUSKVEV 0 RWMWR WHVH HIHFW DUH SUHYHQMG WURXIK EDWHY P DCDI HP HOWDQG \WHUP DO
PDQDIHP HOWWWP Y HJ  KHDMZY WH EDWHY RURKDUIQ] WP RH VBZO 7KH ERWRP KDO WKRZV
FRP P RQ RSHIDMRCDOHIHFW XS W WH SRWIEIQNV R EDWY CDP DIH L WRUWHG IRUH WQGHG SHURGY DW
\MP SHIDMUHY EHBZ f& ) ZMWRXMWDFFHW R DGHTXDW SRZ HUWR XQ WH EDWHY  KHDWU 6 RXUFH
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The Battery

Laboratory Tests on How Cold Affects Batteries

( DWW (1 9V XVHG GDG DAG EDWHUHY EXWP RGHQ ( 9V SUP DUO XVH QKIXP IRQ / LIRQ EDWMUHV
YUXWH  / LIRQEDWHUHY DUH SRSXOUGKH W \WHUUWHOMYHD KLIK VSHALE HOHU\ KK HHUJ\
GHOWW DG EZ VHO AVFKDUH DWW + RZ HYHU FRG WP SHIDWUHV CRARQD UHGXFH \WH DYDIDE®!
HQHU\ FDSDAW DQG SRZHURI / LIRQ EDWHUHY  EXWADQ FDXVH GHIUIDEDMRQ 7 KHUH DUH P XQ®!
P HFKDQWP V FRQMEXW] \R &Z HUEDWHY SHURUP DQFH DQG SHUP DCHQNEDWHY  GHI UDGDWRQ DW
FRG WP SHDWUHV IQFAAQI LRUHDVHG UHWVIWMIBQRH W FKDUW H WDQV HU ICFUHDVHG HEIPWROWM
YIWVFRVW DQG QKIXP SO

/ DERIDRY \MAW VKRZ \KDWBZ HUWP SHIDWUHY FDXVH VBZ HUFKHP [EDOUHDRIRQY BMY HBPWROWM
FRQGXAIW DQG GHRUHDVHG QLIXVYIW R IRQV 1QWH DQRGH Z KIFK FROUEX\M \R BZ HUHQHU\ DQG

.G

+X; =KHQ < +RZH ' $ 3HH + )RBA $  3HKWO YDWAY ZDP XS
P HWRGREJ LHY DW/XE] HIR WP SHIDWUHY IRUDX\RP RIYH DSSTFDMRQY 5 HFHQWDGYDQRHV DQG SHYSHAMHY
3WRIWIQ( QHU\ DQG&RP EXVIRQ 6 FIHQFH R MBHRV

G



SRZ HUDYDIDEIDW ,Q GHVRUEIQ) EDWHUHY AVRKDU H FXWHOAY RWQH SUWWMHGDV D & DWW
\RR QRUP DO H DI DIQWEDWMY FDSDAW Z KIFK RIWQ YDUHY ERE HHQ EDWHUHY & UDWV H SUHW \KH
UWDW DWZ KIFK D EDWHY LV GVFKDUHG BHOMYH W WP O] IP XP FDSDAW $ EDWY ZW D & UD\M
Z 1IQHQMHO AVFKDUHIQ KRXU) RUD EDWY Z M D FDSDAW R $P S KW KLY HTXDWMV W D
AVFKDU H FXUWHONR $PSV$ & UDMIRUWKLY EDWHY Z RXGEH $PSV DQGD & DM
ZRXGEH $PSV 7KH& DM LV QRWD TXDOW R WH EDWAY  DQG \WH VDP H EDWMY P D\ EH
QVFKDU HG DWALTHHOAE: DWWV

WHBZ f& ) \MHQVFKDUH FDSDAW R / LIRQ EDWHUHY IV JUHDW® WHGXFHG Z KIEK BVXOV IQ
DWKRWUGIMQJ DQJIH $W /& ) \MAMGEDWUHY UMBIQDERXW R WH HQHU\
FOSDAWDW f& f) DWDWIQEDG & GVAKDUH DM $WD IDAMUE IDMR & \KH EDWHY
UABIQVDERXW R W URRP WP SHUDWUH HQHU\ FDSDFIW 2 \WHUH] SHUP HQW KDYH FRQIILP HG
\WH \WHRUAMFDCBRZ HUGURS [URP ICFUHDVHG UMVIMIBGRH DWARGHUWP SHIDWUHY ) RUH, DP S®I D

ABQEDUG/ LIRQ EDWHY VKRZ HG R WQRP IQDOSRZ HUGHOMWDW &  f)

Charge Discharge

Load/Charger

_— Electrelyte ~

.,

i ] 9
° o
o o o, eo. "  o°
L e o
p————
Charge Discharge ¥
[~ ]
i Q ° e °
& 2 o
%) P Q
@ o e o 3:9:> 3 ]
* ° ' e o0
- ] Q@
(4] 9 v ) ° Q

Negative Positive ° L
Current Anode Separator Cathode Currant i

Collector Collector
(cu) (Al

YUXWH  6FKHP DIF R WH/ MIXP IRQEDWHY ) BRP - =KDQJ HADO 8 QEHU&UHDWH &RP P RQV/ IEHOFH

- DI XHUWP RQA6 XSUD DWRM

+X 6XSUD DAQRM

-DIXHPRONV- URXBQ/ ' XEH < 0 DUMO) 7KHP DA DQDIHP HOAR D +\ EUG ( BRNE
%:l"KlF@llQ&ﬁi HOWHU,( ( ( 7WDQVDRIRQY RQ( GHU\ & RQYHMRQ

+X 6XSUD DAQRM

G

G

=KDQ) - =KDQ / 6XQ) DQG: DQ = $Q2 YHYIHZ RQ7KHUP DGB DIHW \WXHV R
/ WIXP IRQUDWHUHY [RU( GFWE 9 HKIF®I$ SSTFDMRQ ,( ( ( $FFHW R

$&&( 66


https://creativecommons.org/licenses/by/4.0/

$V FRQOM WRUWH & UDW\V P HQIRQHG DERYH Z H FDQ XVH SXETF® DYDIDE®! IQRP DIRQ |RURGH
(9 P RGHOR GRNDW/DP S®! & DWWV DSSURSUDW R WSIFDQ( 9 XVH DFFREQ) \R \KWH 7HVD
ZHEVMM \KH 0 RGHO / RQYJ 5DQIHKDVDGAMQI DQJHR P 1BV DQGFDQ RQH DWXP HV
XQGHURSWP XP FRQGMRQY EH SDMD® FKDUHGIQ P IQAMVZIMKY P LBV R WDQIH DAGHGIQ
\WDWIP H $WXP IQJ \KLY 1V DQ DSSUR] [P DM XSSHUTP IR \WH UHFRP P HQGHG FKDUIQ) DM DQG
JIYHQWDW IV DSSUWR IP DIMD KDDR WHP D [P XP UHFRP P HQGHG & DM Z RXG EH
ZKIFK IV D IDWWFKDULQ) (DM 6BZ FKDUIQ) DMV~ \R N IRURKDUILQ) / HYHY  DQG
UHVSHPAYHO  DUH DERXAD \KILG RUBMY WDQ IDWWAKDUIQ) WY N RQXS ' UYIQJ DWD
FROADQN P SK Z RXG XQRX\WH IDQIHIQ KRXW IRUD & GVRKDUH 7RS VBHHG IV JIYHQ
DW P SK ZKIFK ZRXGAVWKDUHDW & $OR \WHVH FDBXOMRQY DWXP H RSWP DODP ELHQW
WP SHUDWUHV DQG \WH UDQJ H LV FROABQAZ W VSHHG

7KH P RAEDQI HIRXV HIHAWR FRG \MP SHIDMUHV RQ EDWHULY IV QKIXP SOMZ) \WH IRUP DIRQ R
P HUQF QKIXP DURXQG \WH DQRGH GXUQ) FKDUIQ)  Z KIEK FDQ FDXVH EDWHUHY \R P DDXQRIRQ

/ LIRQ EDWHUHV KDYH D QMIXP P HVBCR] LGH FDWRGH EXVKH \ABIQEDUS DQRGH P DIMUDQY O\ HIHG
JUDSKIWM Z KHUH OMIXP IRQV DUH ARUHG GXUQ) FKDUIIQ) &R \MP SHUDWUAV EUQ) \WH DQRGH
SRMQIDIFEVH \R WDWR QXIXP P HBO®DAQ) R VBZ HG GLIXVIRQR! IRQV IQR \WH DQRGH DQG
FDXVIQ) P HB@F SOMQ GXUQ) FKDUILQ) 7KLY UHVX@V 1Q D UHGXPUIRQ [Q EDWY SHURWP DQFH
VRP HR! Z KIFK 1V SHIP DQHQW,QH WHP H FDVHV QMXP SOMQI FDQVINH WH IRP Rl GHQGAUMMY
\KDWFDQ J URZ O H HQRXJ K \R SIHUFH \WH EDWHY  VHSDUDRUDQG FDXVH LOMIDCHBPEDOKRW
DQG ILUH UWN

/ MIXP SOMQJ LV D UMNIQ( 9V FKDUHG DAEDWAY WP SHDWMUWVEHBZ f& f)  RUIDW
FKDUHGEHBZ f& f) ,QD VMG UMVHDURKHY | RXQG WDWEDWHUHY FKDU HG DW

f& f) OG\RWHIRP DIRQR P HUGF QKXP \WH IDAMUNH FKDUILQ) SURFHW WH P RUH
P HE@E QKXP IRP HG BFNQJ XS \R R WH QAMXP IRQV QRUP DD LQYROHG IQ\KH FKDUIQJ
DQGAVFKDUIQ) SIRFHW  $GKRXJIKD  KRXUMWREMBZ IQJ D IDWWFKDUH DIBZ HG VRP HR! \KH
P HBQ@E QXXP R UHDPVZ W \WH J UDSKIWM 1Q D GHDA HG MBZ FKDUIQ) SURFHW SDIWR! \WH QKIXP
SOMG Z DV SHP DHQW,QDQH SHIPHQADW  f& f) DQGD & UDWM \KH EDWHY
SHP DQHQ® ®W R IWFDSDAWDWURQD  FKDUHR FBV 2 QHFKDUH R F®IDW f&

f) DAD & UWDMFDXVHGD IWHYHWAE®! FDSDRW GW ) RUWHVH BDVRQY FKDUH UDM L
JHQHD® VHYHHO @ WG DABZ \MP SHIDWUHY DQG FKDU H WP HY JUHDW® IQFUDVHG \R SURMFW
\WH @H R \WHEDWHY ( YHQXS WR\MP SHDWUAVDVKUUK DV f&  f) QMXP SOMQ FDQRFFXU
GXUQ IDWKDUIQ) 6@Z FKDUIQ) LH /HYHY RU  IVWHRQD ZD \RDYRGQKIXP SOMQ DW
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EDWY WP SHDWUHV EHBZ & ) DQGIQ SUDRWAH FKDU Q) VSHHGV DUH @P WG DQG RUWH
EDWMY SUHZ DUP HG R DYRIG GDP DIH

7R HQXUH VDIH DQGQRWPP DARSHIDIRQEHBZ &  f)  VRP H UMVHDURKHWY KDYH EHIXQ
LQYH DY EDWHY P DIMUDY VXFK DV YDU 1QJ \WH HBPAWROWM DQG DQRGH P DMUDY  / WIXP
\MUQDW EDIWUHY IRUIQABIGRH XVH QKIXP \MUQDW IQAMDG Rl J UDSKIW RQ\WH DQRGH DQG KDYH D
UHSRUMGRSHDI) (DQIHGRZQW  f& f) DQGXSW  f&  f) $CEMRD® QKXP
\MIQDM EDWHUHY KDYH D ®QIHUR F&I@H P HDQQJ \KH FDQHQGXUWH P DQ. P RUH FKDUH DQG
QVFKDUH R\ FBV EHRH EHQ) FROMGHUIHG DAWH HQGR @H  &Z HUILWH UMN DQG KL KHUD@RZ DE®
FKDW H DQG QVFKDU H IDWN + RZ HYHU\KH. DUH P RUH H SHOWYH DQG DB RAE IEH DV KHDYA DV
/ LIRQ EDWHUHV IRUKH VDP H HGHU\ FROMQWVZ KH + RQED) IW 9 Z DV \WH RQD SDAWHQIHU( 9 1Q
\WH 86 \R XVH OXXP \MIQDWM EDWHUHY EXVWAH) MY VKRW P 1B GUMQI IDQIH VHURX\VO
DIHAMG GHP DQG HYHQXD® GDAQ] \R IW UHP RYDAUWRP \WHS 6 P DINHWODOQAQ) \WH

WDCH RIV EHE HHQ \WHVH P DWUD® 1 D UAVHDURK FKDEIQIH Z W \KH SRIMQIDARUGQ) \MUP
SD\RIV

QVXP P DY \WH FRG \MP SHIDWUH WM R / LIRQ EDWHUHY KDV H SRVHG WUHH \MP SHUDMUH
\WUHVKROV R FRGFHD
" 8QEU f& f) /LMIXP SOMQ DQG SHIP DQHQANEHI UDGDMRQ FDQ RAFXUZ W IDW

FKDULQ) EHBZ \KLY \MP SHIDMUH
8QAHU f& ) 7KVIVWHUFRP P HQGHG BZ HWWMP SHIDWUH IRUQRWP DOVH R
AWBQEDUG / LIRQ EDWUHY 94HEZ \KLY WP SHIDWUH DQ \KIQJ IDWMUWDQ/ HYHO  FKDUIIQ)
P D FDXVHQKIXP SOMQ) GHJUDEDIRQ
8QAHU f& f) ,QDGEMRQWWIQUFDQ® UWHGXFHG FKDUIQ) DQG AVFKDUIQ) SRZHU
FDSDELOMN  \KH UHFRP P HQGHG WRIDUH WDQIH QR DAIYH FKDU H RUGVAKDUH I
JHQHD® GRZQWDERW  f& f) IRUBQEDS/ LIRQ EDWHIHY XVHGIQ( 9V 7KH
EDIWAY P D\ QRAVXYLYH SURBQIHG WP SHIDWUHY EHBZ \KLY \WUHVKRG

The Battery Thermal Management System

Strategies to Manage Cold Weather Effects on EV Batteries

7R P DQDIH FRG Z HDWHUH IHFW RQ EDWHUHY  RSHUIDWRQDOADWI IHV DUH XVHG  VXFK DV D
EDWAY \KHUP DAP DQDIHP HOMA VWMP %70 6 Z KIFK D@Z V EDWY KHDUQJ \R P DIQBIQ DQ

RSWP DOMP SHIDMUH WDQIH @ KHQ( 9V DUH QRWBGJ JHG 1Q W DQ H WUIDCSRZ HUVRXUFH \WH
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P XWBRZ HOWH %70 6 1URP \IH EDWHY IWHD DANRXJK VRP H YHKIEBN GR CRIBRZ HUKH %70 6
XQBW MY SOJJHGIQ  $Q VROMRQ P XVWWEDDQFH \WH FRAWDQG RKHUMDGH RIV EHEHHQ
UHGXFHG EDWHY KHDEX DQG WXV @H DQG \WH FRAWR WH A VMP \IR KHDVWIKH EDIAY  7KH 9670 6
FRVW DFFUKH IURP \WH FRP S® W DQG H WD Z HIKWR FRP SRQHQW \WH FRANR HBIPWEW DQG
UHGXFHG EDWHY P\ FOI@H 2 QHWWXG. FRQFOGHG \WDVWSDUNGQ) RXWMGH DVWZ RUIN RURYHULI KWZ WRXW
SOUJIIQ) 1QDUH MXHV Z W \WH DRXDOY7 0 6 MDA HV R FRP P RQ( 9V +( 9V P DIQD EHFDXVH
DIIQ)  IQFUHP HQIIOGH) IDEDMRQ R \WH HQHU\ FDSDAIW R \KH EDWHY DV D UHVX@R FRG

WP SHUDWUHV IV QRAFRQVIGHUHG [Q WH GHYHBSP HQAR \WH 9670 6

: IDRVRQJ + X HWDOFRQGXPMG \WHURZ Q UAYLLZ. R \WH QMDMUH SXEQVKHG DERXVEDWHY  KHDUZY
UAVHDURK 11QEQ) WDVWIHUH DUH \ZZR SUP DI EDWHY KHDUQY \WDWI LY, QWWH [LWANADMI\  DQ
H WATDOVRXUFH \WDQVIHWY KHDVIR \WH EDWHY FRQYHRYHO RUFRQGXAIYHD & RQYHRYH RSWIRQY
IQFOIGH DIU @NXIG DQG KHDWBXP S KHDWQ  Z KHUHDV FRQGXPYH RSURQY IGFOGH UMVMBGRH

3 HWAUH IHAWKHDWBISH  SKDVH FKDQIH P WD DQG EXUQHUKHDUQY , Q \WH VHRRQG VADWMI\
LOMIDOHVMECRH IV JHQHDWG IURP D FXUWHQADSSTHG \R WH EDIWAY IWHOD \WHUHE\ KHDWQ) WH
EDIWAY [URP \WH IQVGH 7KH VHO KHDWY / LIRQEDWAY  6+/ % 1V RQH UHFHQNH DP SBIR WL
WFKQRBJ\ YR DM LHV KDYH WHLUZ HDNGHWHY 2 Q\WH RQH KDQG H \MDCKHDVWRXUFHY
UHVXONQ BQIHUZ DIP XS \IP HV GMY WP SHIDWUH XQURIP W Z KIFK DIIHFW EDWY SHURUP DQFH
DQGKHDWN  DQG P RUH HQHU\ FRQVXP SUIRQ 2 QWH RKHUKDQG IQMEDCKHDD P XVWEH
FDUHX@ GHVLI QHG \R XVH FXWHQABIVHY DQG GXUDMRQY \WDWER QRWFDXVH H FHVMYH GDP DI H DQG
DUH \WXV KDUEHUR [P SBP HQW

7KH 6+/ %DWP SW\R P IQP [] H\KH WDGHRIV EHE HHQ SUH KHDID SHURWP DQFH HQHU

FRQUXP SIRQ DQG GHIWDGDMRY 7KLY EDWHY Z DV GHYHBSHG \R VHD KHDWR DYRIG SRZ HUGIDIQ DW/

WP SHDXUVEHBZ f& f) DQGKDVEHHQXSIUDGHG\R DBZ IDWWKDUIQ) GRZ QR DWBDW
f& ) 7ZRDVSHAWR WH6+/ 9% QFNHOROQUGH \WH EDWHY FHO DIWBFKHG \R \WH

QHI DIYH \WUP IQDARQ RQH HQG DQG IRWP Q) D \WILEG H \MIDOMUP LQDCARQ \WH RWHUHQG DQG D

WP SHUDMUH VHQURUDWIFKHG \R D VZ M2 DABZ FXUHQAR IGZ \KURXI K DQG KHDWKH IRO2 GFH

\WH EDWY 1V IQMID® KHDWG DERYH URRP WP SHIDWUH \WH \Z WFK DX\RP DUWFD@® RSHQV \R DBZ

FKDUIQ) 5 HVHDUK KDV IQAFDWG \WWH 6 + / % FDQ SHURWP R FBV R IDWWKDUIQ] DW f&
f) EHRH MWHDFKHV FDSDAW ®W Z KHUH D VWBQEDWG/ LIRQ EDWMY Z RX@ RQD SHURWP
R FeV \R \WH VDP H FDSDRW ®W 7KLV JLYHV ( 9V Z W 6 +/ %V DSSUR 1P DWO PIBVR

AammMqQ) ZMW D OHWP HR \HDY ZKIFK IV GQIHUWDQ P RWZ DUDQMNHV

Energy Costs for Battery Heating Strategies

$FFRGEQ] \R OE \WIQ) DQH WDAKHDMEI VRXUFH IRUDQ( 9 %70 6 JHHID@® UHTXWHY BW
HCQHU\ WDQ DQ HQJ ICH EGFN KHDWUI RUDQ L.OMUIDOFRP EXIRQHQIICH & (1 2 | \WH OE \MAMG
H WUIDAKHDMQ RSWRQY BHYIHZ HGE\ + X HADOP RAWRSMIRQV IHTXWHG QRP RIHWDQ  :  1Q
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P LQX\MV \R KHDVWIKH EDWHUHY E\ f& f QWP SHDMMHWDVEZ DV f& )

(9 EDMMHV P XWEHP DIQBIGHGDERYH & ) R SUHYHQASHUP DQHQAGH IDEDVMRQ DQG
FRQVXP HUDFFHS\BGFH P D\ EH J UHDWUIRUD YHKIE®H \WDWY D D\ V DG, \R GUYH Z WRX\WZ DAMZY
\R ZDUWP WH EDIWY DQG KLY P D\ QHFHVWABMY FRQUXDCKHDUR) WURXI KRXWKH GD. IQAMDG R D
VIQJ B KHDI HYHQAEH RUH GUYIQJ

,QD WD RUWG VHID) HHU\ XVH CDW @JJHG B\ & KXJDFK ( GIFWE $ WRADURQ &( $  IRUWHU
& KHYURBMIRDZ KIB! SO J HG IQ RXVERRY RYHQL KWOQ$ QFKRIDIH $ OWND IQAFDMG \WDVWKH FDU
QUZ DQDYHIUHR DERXW : DW f& f) DVVHHQIQ) UXWH EHBZ  7KHHQHU\
FRQUXP SURQR! D %70 6 IV H SHRWG \R EH HYHQ J UHDWUIQ FRTGHUMP SHIDWUHV

9% FRP SDUVRQ P RW&( EGFN KHDMY UHTXWH © DQG DUH BFRP P HQGHG \R EH SOUJHG
IQIRU KRXWDW f& f) DQG KRXWZKHQWMP SHDXUVDWHEHBZ f& f) ' HVSIWM
\WHVH UFRP P HQEDIRQY P DQ. SHRS®! SOU 1Q FDUEGAN KHDWMY  RIWMQ IQ FROMGAIRQ Z WK
EDWAY EOQNHW DQG RICSDQ KHDWY  DWKRP H DQG DWZ RUN FRQIQXRXVO GXUQ) H \WHP HO BZ

WP SHIDWUHY & ( V. JHQHD@® GR QRAWXITHUSHUP DQHQAEDP DI H UL VWRUHG XQKHDWG IQH WHP H
FRG H FHSVBHKDSV \R \WH WBWWMUEDIWAY Z KIFK FDQ EH EURXI KWQGRRY

( QHUJ\ FRWV IRUEDWHY KHDW VAADW IHV FDQ EH H WDSRDWG ILRP UHDCZ RUIG D\ ,Q
$QFKRIIH $OWND HQHU\ XVH IRU&( $V & KHYURBMMROZ DV ®JJHG Z KHQ IX® FKDUHG DQG
SOUJHG IQ RAERRY RHQUIKWMVHH) UXH 7 KHVH CDWB VKRZ WDWKHDUQ) HQHU\ XVH IV
DSSWR] [P DWO® @HDUZ M WP SHIDMUH DABDWEHEHHQDERXW & f) DG f&  f)
3DUNQI RAGRRY 1Q$ FKRIDIHIRU  KRXWDWDERXW &  f) FRW URXIKO ZI\K
HOPMEW SUFHGDW N K ) RUFRP SDUVRQ MY HAP DIMG \WDVWKH FRWR| FRG B D
JDVHQIIQH IV @ $ ZDWHQICHERNKHDWUSCUJIHGIQDW f& ) IRU KRXWY
Z RX@ FRW 7KWV IV DERXVDQH WD IRUWH ( 9 RYHWLIKW

| WHWHQG AR VEHDU WY P HDQVDERXW  \R N K KUDYHUDIH XVH Z KIB! SDUNHG IXD®
FKDUHGDW f& f) )RUDIX® KRXY WIVIVDERXW N K RU \RBOR NHHS Z DUP
$ EGFNKHDIMUSGUJHGIQIRU  KRXWY Z RX@ KDYH VR GIDZ P RUH WDQ ZDWR SRZHU

N VREHP RHH SHOMYH 7KL/ P SDFW \KH HFRQRP IEV R IXHIITDQ( 9 IQH WHP HO FRG
FOP DMV

7 KH GD\B FXWHQ® DYDIDE®! IRUHQHU\ XVHG Z KIBI SDUNHG DQG GUYIQ) DUH IQFRUBRIDIMG IQR DQ
RQEH FDBXOWRUIRUS OVNDQY R IQYHWAL DWW \WH FRAMDQG HP MMRQVRI DQ( 9 YV DQ,&( 7KW
\RRQV DYDIDE®! RQIH
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https://web.archive.org/web/20110927134325/http://www.hydro.mb.ca/your_home/home_comfort/block_heaters.pdf
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The Vehicle

Direct User Experiences

0 XFK R \WH FRG Z HDWHUSHURUP DQFH IQ RUP DWRQ IRUFRP P HIAD® DYDIDE®! ( 9V IV EDVHG RQ
DCHFGREAHSRW 7 UDRWRQ DQG J HHIDCY LOMUURDG |HHADUH UHSRWMG DV JRRG  DQG P RWBUIYHLY/
UHSRWP RUH VDMWY DRRQ Z M\ Z IQMUSHURUP DQFH WDQWH H SHRMG 6 QRZ DQGIFHFDQ
DIHAWGRRY ANV WDARQ GXH R Z KHHOZ HOVQRZ EXI@XS  DQG FEDUDQRH DQG DOR UHTXIWH
SCUJJIQ) IQDQG KUK TXDOAW Z IQMAMIHY - 2 | FRXWH VQRZ  DQG IFH DITHRAWD@SDWHQI HU
YHKIE®GV IQWHWH Z D\ V 7KDWDIG \WH OFN Rl HQJ LCH KHDWZHDUIURQAZ KHHOZ HQY P D

H DFHEDWM VQRZ EXXGXS RQ( 9V :  IQMURKDU Q) UDWV FDQ EH ®Z HUWDQH SHAMG Z W \ZR
VRXUFHV QRIQ) D & KHYURBVY/AROWVKDU IQ) DWDERXVWKDOWH IDIMG N R D IDWNFKDUW HUDV
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https://www.greencarreports.com/news/1115039_chevy-bolt-ev-electric-car-range-and-performance-in-winter-one-owners-log
https://www.greencarreports.com/news/1115039_chevy-bolt-ev-electric-car-range-and-performance-in-winter-one-owners-log

WP SHIDWUH GRSSHG\RDIRXQG & f) HYHQZKHQRQD FKDUHG\WR  FDSDAW DV \WH

OW  WSIFD® FKDUHY DWDVBZ HUDM 2 QH IQMYIHZ HH BHSRWMG D P D] [P XP Z IQMU

QMQJ DQJHARS R IRP QRPICDODW & ) IQ&DQEHD$SOWND 2 QH I QUEDQW

IDARUIQ FRG Z HDWHUGUYIQ) IDQIH @AW IV XVH RN FDEIQKHDWY ~ Z KIFK FDQ EH DYRGHG RU

UHGXFHG B\ \WH GUYHUR P IQP [} HWH IDQIH ®W 2 ZQHW R 1 MVDQ/ HDIV IQ$ OVND KDYH QRWG

SRRUFRG Z HDWHUSHURWP DQFH Z W R \WH EDWAY XVHG [ RUKHDWDWMP SHIDMUHY EHBZ
f& f) DQGRBAGRSHIDEIWDN f&  f)

$ QHFGRIBAHSRW R XVHUH SHUHQRHV FRURERIDM WH [IQAQIV IURP WH SUHYIRXV VHRIRQ RQ \WH
HQHUJ\ XVHG Z KB SDUNHG E\ \WH EDWY \HUP DCP DQDJ HP HQAVA MP / HDYIQJ D FDU
XQBOJJHG IQWH H WHP H FRT IV SRWWIEGI EXW HQHUD® XVHV HQHUJ\ 1URP WH EDWHY  DQG LV QRW
UHRP P HQGHGE\ (9 XVHUP DQXDY 7DE®  $VDQH DP S® RQH FDUZ DV SDUNHG RXVERRWY IQ
WP SHDXNUVEHBZ f& f) IRU  KRXWDGUDAQVKRZHG PGV R WDQIHZHHA
XVHG \R KHDVWKH EDWHY  $ QRWHUFDUZ DV SDUNHG IRUIRXUGD! V Z IWRXVD SOU Z WK

WP SHDMUWWDVEBZ DV f& ) \WHRZ QHUXVHG DQDSS R SUHKHDVWKH ( 9 DQG GRYH
DZD. VHYHDCP LMV OWU  $ GUYHUWDVSDUWY \WHUYRORXMGH DO IQMUIQ & DQE HD$ OVND
UHSRW \KDWDWKH P RAMAKH EDIWY UHTXILY VR P IQX\WMV RN KHDIY EHIRUH RSHIDIRQ1Q

H WHP HO FRG Z HDWHU 7KH ( 9 GUYHUIQ & DQE HOUHSRW \WDVKLY ( 9 P D\ ZDWQR  WHGXFHG
SURSXOIRG Z KHQ LQUID@® WG LQWH FRG EXVWKH GUMIQ) UDQJ H DQG SRZ HUERW! IQFUHDVH DIMU
VRP HAIYQ) 6P LOUREVHYDIRQY KDYH EHHQ QRAMGE\ RWHY ) URP D GUYHUFRP IRW
ADIQGSRIQMQMYIHZ HHV UHSRWKDWADELQ WP SHIDWUAV 1Q ( 9V IQFUHDVH P RUH TXIEND DV WH GR

QRAHO RQ IOMIDAFRP EXVMRQ HQJ IGHV WDWHHG\R Z DUP 11, QEHHG VRP H (9 P RGHY D@Z
GUYHY \R GUHPAKHUYHKIEGN \R Z DUP \WH FDELQ EHIRUH \KH YHKLE®! 1V \AAWG
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7DEG QR DIRQRQEZ \MP SHIDWUH WRUDIH IRUVHBIRMG ( 9V ILRP RZ QHYV P DQXDY 7KH30U ,Q
7 KUAVKRG LV WWH DP EIHQAMP SHIDWUH EHBZ. Z KIFK \WH P DQXDAUHFRP P HQGV SGUJIQJ 1Q RUMRUIQ) \IH FDU
LQD KHDWG VSDFH 7 KH OVWARGP Q @AV \WH FRQEMRQY XQGHUZ KIFK \KH P DQXDCZ DV Rl GDP DIH RU

UHH 10

<HDUO DNHO RGHO 300 ,Q7KUHKRG 3 HP DQHQN DP DIHRU
YDA ) UH 1Q) 7 KUHVKRG
& KHYURBMY/RDV & P
7HVD 0 RGHO f& f) IRUPRHWDQ
KRXWY DD \WP H
1IMDQ/HD N K & P i f& i f) IRUPRHWDQ
VDAY VHYHQGD\ V
1MDQ/HD N K & P i f& i f) IRUPRHWDQ
VDAY VHYHQGD\ V

Driving Range vs. Temperature

,QD VWG R WIR(9 PRGHY WH1MDQ/ HOl DQGWHO MXEMKLLO I( 9  UHVHDURKHY/
GRYHWH ( 9V R GHSEMRQ IQWP SHDWUHV IDQIIQ) IlRP f& ) W f& N 1Q

: 1IQQASH) &DQDAD $QDOMY R \WH WDYHAUDQIH DV D IXQRAIRQ R DP ELHQWMP SHUIDWUH | RUERW

( 9V WKRZ HGWUWHH @HDUVHIP HOV DQXSSHUSOWDX DERYHDERXW f& ) D ®GZ HUSOWDX
EH®Z DERXW & f) DQGD @HDW YDV Q) VHIP HQAZ MKIQ KLY \MP SHIDUH UDQIH 7KH
VKRWWNAIMQ) IDQIHZDV R R WHQRP CDODQIH DAHFUDWHR W 2H

IOMSUABMRQ R KLY GHFUHDVH LV \WDWAZ DV CRACHFHMWDY \R KHDVWKH EDWHURY DQG FDEIQ 1Q
WP SHIDWUHVDERYH  f& )  ZKI®I WH EDWHY DQG FDEIQ KHDWAY Z HUH IXQQIQ) DWX@BRZ HU

QWP SHDMWHWVEHBZ & f) ,Q\MP SHIDWUH EFEHHQ\WH H WHP HV SURSRIMIRCDO

DP RXQW R FDELQ DQG EDWHY KHDVWSURGXFHG D GUDZ. RQWWH EDWHY ' D\l DWHYHQ FRTGHU

WP SHIDWUHV Z RX@ EH XVHXOR IQYHN DM L WH BZ HUSOWDX LV WKO IOW2 QH P LIKWH SHRW
\KDWDV \IH \MP SHIDMUH FROMXHV R GRS \WH EDIWAY \MP SHUDWUH Z @1 DODI\MUKH EDWAY

KHDW VA VWP UHDFKHV P D[ IP XP RASXWDQG \WH GUIYIQ) UDQJ H Z LAFRQIXH R GHFUHDVH IURP
\WH SK\ VIEDCHIHFW R \WWH FRG RQWH EDIY 7 KLY HIHPWDSSHDY VR KDYH D VP DIUFRUHDMRQ

&KHYURBW YRIY 9 2 Z QHIY 0 DQXDO5 HAHYHG - DQXDW IWRP
KWBV P\ FKHYURBMWFRP FRQMQACDP JP RZ GHIFHQMUJP QD G QDP IE P DQXDY & KHYURBMY/RDV
FKHYURBMEROHY RZ GHY P DQXDCS@

(o) 0 RGHO 2 ZQHYV 0 DQXDO5 HWHYHG - DQXDY IRP
KWBV ZZZ WMD FRP VWV GHDX@M®BN P RGHB BRZ GHYBP DQXDBQRWBDP HUFDBHQ SG

1 MDQ 6 XSWD DARM

G

"HBVSHH - 5 3DWRQV5 9 +RPWQS - IQMU+ DSSHQV 7KH ( ITHAWR $ P EIHQW
7HP SHIDMUH RQWH 7UDYHCE DQIH R ( BPWE 9HKIE®N |, ( ( ( 7WDQVDPIRQY RQ 9 HKIEXDU7HFKGREBJ\
R W


https://www.tesla.com/sites/default/files/model_3_owners_manual_north_america_en.pdf
https://my.chevrolet.com/content/dam/gmownercenter/gmna/dynamic/manuals/2018/Chevrolet/Bolt/2018-chevrolet-bolt-ev-owners-manual.pdf
https://my.chevrolet.com/content/dam/gmownercenter/gmna/dynamic/manuals/2018/Chevrolet/Bolt/2018-chevrolet-bolt-ev-owners-manual.pdf

Z M \MP SHUDWUH \KDQWWH UDQI H GHRUHDVH IURP DX] LIDW KHDWY BDGY EXWEDD LV @ WG DQG
\WHWHQG P D\ EH QRQEHDU

7KH VDP H DX\WWRY UHSHDWMG \WH H SHUP HQARQ\KH / HDI SHURGFD® RYHUDERXW \ HDWY/ DV VHHQ
Q)UXWH  )UXWH DORVKRZV\WH UHOMRQUKLS EHE HHQ UDQJ H DQG WP SHIDMUH QRMG
DERYH 7 KH DXWRWY CRM WDWDWBZ HAMP SHIDMUHV \WH YHKIE®! UDQI H DSSHDWY \R EH XQDIIHAMG
B\ DIIQ) 7KV VXIJHW DP RQ RKHUWIQIV \KDWKVHG RURTHUHBPWE YHKIEGN P D\ EH
SDIWFXOWD VXLWBE®! |RUFRGHUFTP DMV J LYHQ \WDVKH FRG Z HDWHUSHURUP DQFH 1V UHDWMYHO

G P SDAMG RYHUMP H

* |eafat1.2-2.0 Years (data)
= Leaf at 1.2-2.0 Years (projection)
& Leaf at 3.5-3.9 Years (data) 140
= Leaf at 3.5-3.9 Years (projection)
¥ Leaf at 6.9-7.3 Years (data) 120—
Leaf at 6.9-7.3 Years (projection)

Travel Distance on Single Charge {(km)

o
W

-30 -20 -10 0 10 20 30

Ambient Temperature (C)

)LIXUWH 7 UDYHOEMIBGQFH DV D IXQRMRQ R DP EIHQMAMP SHUDMUH IR/ HDI EDVHG RQ IQMSUHABMRQ DV GHDU
VHIPHQN ) IRP ' HBV5 H HVHWIO  XVHG Z M SHIP WIRQ

7KW HIHAWR WP SHIDWUH RQ GUIYIQJ UDQJH VHHP V VR EH XQYHWDODP RQJ \MNG SDWHQI HU
% 9V 7KH SHIFHQAHGXPIRQ IQ UDQI H Z WK WP SHUDMUA IV BHDVRQDE® IQGHSHQGHQAR WH (9
PRGHO' DD ILRP \WH ILAVSUQ) DQG VXP P HUIRU&( $V &KHYURBVIRNQ$S GFKRUIDIH

$ OVN\D DOR H KIEMD @HDUGHFUHDVH 1Q GUYIQ) UDQIH Z W GHRUHDMQ) \MP SHUDWUHY ) LIXUA
' XUQ) Z DU HUZ HDWHU f& H  WHGAMQ WQJHWVDERW POV 7KH GUIMQ]

"HBVSHH/ - 5 3DORQV5 9  +RPWQ 5 2 AREHU ,P SDAWR ) XWKHU$ JIQ) RQ
0D IPXP 7UWDYHO MBGQFH IRUWH 1 MDQ/ HDI RYHUD 5 DQIH R $ P EIHQATHP SHIDMUHY 9 HKIFG
7H2<Q?(BU\ , QMIDURQDCE RQHHQAH © LQQSHI 0 DQWRED &DQDAD



WQHGFHDVWV R DERXW P IBV DW f& ) DAIHHFHR ZKIFK [V FROWMMONZ W
\KH SHIFHONGHRUHDWH VHHQIQ) LUXWH  IRUD/ HDI XQGHU \ HDW/ RI DIH

Wattson Range vs. Temperature
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YUXWH ' DI IRU&KXIDFK ( GRWE $ \WRADIRQY & KHYURBM/ROVRUWESV 1Q$ GFKRUDIH $ OWVN\D
VKRZ Q) IDQIH YV DYHUDJ H DP EIHQAMP SHIDWUH ' DM FRXUMA Rl 6 HDQ 6 ND@Y

Q ) GHWDUP D FRP SIBIG GDW IURP P RUH WDQ WISV R 1 MDQ/ HDIVIQ1 RWS$ P HIED
\R LQYHVAN DM WH HIHPWR WP SHUDWUH RQ GUYIQ) IDQIH 1Q WD R FRQAMRQY  $VWKH BZ HW
DYHDIUH\WS \MP SHDWWHR  f& ) RAMGHDQG f& ) LOVGHWHFDUWH IRXQGD

GHUDHIQAIMQ) DQIH 7KV IV TXMWM D EMBMW/\WDQWH R IDQIH ®WWHRIQ
) LIXUH  IRUMH VDP H RAVERRUMP SHIDMUH IRUD  \ HDURG/ HDI RUWH DSSUR] P DIMO WDQIH
GW VHHQIRUKH VDP H/ HDI DV \ HDWR DJH  + RZ HYHU M 1Q WH (DQJ H VHHQ IRUHDY R
QUYIQ) GO FDSWUHG E\ * HRWBE IRU (9V ) UXH VKRZIQ) WDWHDY R FRQAMRQY FDQ
\ IHG D DQIHR ®WHV

QWP $ ) HE 1 WDQ/ HDI 5DQIH +RZ 0 XFK' RV , W RWH ,Q7KH&RG' * UHHQ&DU
5 HSRW 5 HHYHG - DQXDU IURP
KWV 7277 JUHHFDUHSRW FRP QHZV BAWDQ GD IDQJHKRZ P XFK GRHV WRWH 1Q WH FRG



Real-world range vs. rated range

@ Average (50th percentile) 90th percentile @=® 10th percentile
Temperature (°F)

-4 14 32 50 68 86 104
200%
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50% //\
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Real-world range divided by rated range (%)

Temperature (°C)

YUXWH SDQHFXYHZIM WDQG W SHIFHQUIBN VKRZ V \WH GAVIEXWRQ R WIS HIIHHCQR RCHP LKW
H SHAWDWDQ JLYHQ WP SHIDWUH ) LIXUH IVBNHQIWRP * HRMEY E®RJ RQODWAG R (9V

6 LQFH KHDWY WH FDEIQ VR J UDV® DIIHAW WH GUYIQ) WDQIH R 9% 9V UVHDURKHY DUH DRYHO
GHYHBSIQ) VDM IHV\R P IQP [} H\WHHIHFW 15 (/ UHSRW D GHPUDVH IQ KHDIY GDGR

IURP VP XOMRQV XQIQ DWDRXQG f&  f)

Temperature Effects on Long Term Battery Degradation

$VDQHZ DQGTXIEND HYROIQ \WFKQRERJI\  WHUH LV QB BHDCZ. RUG GOWB RQ WH GQJ \WMUP KHDAK
R ( 9V DIKRXIK WHRY SUHAFW \WDWEDWHY KHDAK Z [QKDYH D SHUIRG R QGHDWD @HDU

GHI WDEDWRQ EHRUH D SUHAISIVRXV GRS RII GHDUWH HQG R @H ) LIXWH

* HRME DQDO] HG RYHU ( 9VR GUHHQANP DNHV P RGHY DQG\HDWY  7KH IRXQG WDWP RAW
( 9V H SHUHGFHG VXBIQHG EDWHY KHDEK EXWEDP DIH FDXVHG B\ VXWBIGHG KHDWURP KRW
F@P DWWV RUIDWAKDUILQ) FDXVHG \WH P RAMGEDP DIF HIHAW RQ EDWY KHDAK $ GMRXI K \KH

\VDP SBIR ( 9VIQWY WG GG CRACFOGHP DQ IRP FRG UHIIRQV WLV FRXG P HDQ\WDWRG
WP SHIDXYUAV P D\ SURBQJ EDINAY @H  JLYHQ WDWHKIEGN XVH D %70 6 \R DYRG EDWMY GDP DIH

$UXH 6XSUD DWRM
“HIHY 0 $ &KDQH /  5XJK - 3 & @ DM & RQARD RDG 5 HGXPURQ 6 WDWJ LHV IRU( BFWE
" WYHOHKIFBV IQ&RG: HDWHU6$( , QMEDMRCDO RXDCR 3 DWHQIHU&DY 0 HRKDQEDGS \ WP V
R
$UXH & “X® : KDWDQ HBOPWE YHKIEGN \MQXV DERXW 9 EDINAY KHDAK' 5 HAUHYHG
- DQXDY IURP KWBV ZZZ JHRWE FRP E®J HY EDWY KHDGK
G



IRP & \WWP SHDXUWHY ) LUXUH DERYH IWRP ' HBVS5 H HV HWDO FRQIWP VKLY FRFGMRQIRU
\KH 1 WMWDQ/ HDI WH VWYGAHG

SOH %

Time

)UXWH 7 KHRUWFDORUYP DOGHI WDEADMRQ FXWYH R D QKIXP  IRQEDWHY ) LIXUH TURP * HRDE

" HRV5 H HV 6 XSUD DWRM
$UXH 6XSUD DWRM



Conclusions and Opportunities for Future Research

$&( 3 ZROHGZ MW WH 8 QYHWMW R : DVKIQI\RQ' ,5( &7 SIRIWP \R EUQ) WH DERYH IlQAQIV
\RI HWHUIQR D VHWR| P HIEV Z W D YIVXD@ DIRQ 7 KLY UHVXEMG LQ WH FUHDIRQ RN DQ RQELH ( 9
7HP SHIDWUHO DS ) UXUWH  WDWKRZ V \KUHH P HWEV UHDWG \R \MP SHIDXMUH HIHFW RQ
SHURP DFH 2 QH P HWIE LV D QRUP DO HG ( 9 VFRUH EDVHG RQ \WH DYHUII H GDI® WDQIH ®W IRU
DQ GFDMRQRQOQG FDBXOWGIURP D IMR GUMQI IDQIH BW YV WP SHIDMWH XMQ)  \ HDWY/
R 1$6$ \MP SHIDMUWH DWW 7KH VHFRQG P HWE IV \WH 0 D] [P XP ( [ SHAMG 5 DQIH/ RW EDVHG RQ
\WH FROHWAMP SHIDWUH UHDFKHG IQ\WH OVW |\ HDLY 7 KH WILG P HWE 130 XWB 0J 1Q' D\V RU
03, ZKEKLWHPD[IPXP Q<P EHUR FROHPXIYH D\ VIQWH  \ HDUWP SHIDWUH UFRG 1Q
Z KIEK \KH DYHDIH \MP SHDWMH GRHV RV FHHG  f&  f)  DV\KMIV IV \WH DSSWR [P DM

\WP SHUDMUH DWZ KIFK DQ XQSOUJHG( 9 P D\ EH SHUWP DCHQ® CDP DUHG

EV SCORE
Calculated from generated curve o a0 [0
Based on average daily range loss Ve Range Loss: 70.10% (S

Normalized

Max Range Loss
Maximum Expected Range loss based off coldest

average temperature reached in the last 10 years
/ LA New York
92.00 79.90

MPID

“Must-Plug-in-Days”

Maximum consecutive days where average
temperature does not exceed -20°C

%) ACEP
JUXH $&(3(90DS

7KHVHP HWEV P D EH XVHG\R SUHAFWSHURWP DQFH DQG HIIEHQR. RUIQRP (19 WWIDWMIIHV IQ
UHIIRQV R WH Z RWG / RRNQ) DWKH ( 9 VFRUIH P XFK R &KIQD 5 XWID ( XURSH ,FHDQG

* UHQDQG &DQDED WH QRWHDS 6 DQG P RXQIBICRXY UHIIRQV R \WH Z RUIB KDYH VFRUAV
RYHUWDSSIQJ Z W \KRVH IRXQG 1Q$ OVND

7R SXVWKLY IQR \WH FROM WR EDWHY FROUGHIDIRQY IRU( 9V P RAMR WH YHKIEGN [Q WIHVH DUHDV
FDQEH H SHAMG DAWBDWRFFDVIRQD® \R J HAMP SHIDWUAY &Z HQRXIK 1QWHUKRP H IDQIH \R
DIHAVEHURWP DQFH IDWWAKDUIQ) DQGEDWHY BQIHYW EHBZ & f) DQGP RUHVHYHHO
EHBZ f& f) 0DQ KRPHUWQHYDQGGHMDIRQY IRUGQHUISY IQWHVH UHI IRQV Z IO
EUQJ ( 9V IQR WP SHIDWUHV DSSURDAKIQ) \WH &Z HUHQG R \WH VDIH VWRUDI H UDQI H [RUMBIQEDAG

CMWO *X' .DX=+ 6XK- : IBHUO 3INH & /HDFK 7 “XQH $&(3(90DS
5 HAHYHG - DQXDY IURP
KWBV SXEQF \WEGDX FRP SURIIBI P IFKHD Y KRPH$&( 3( 90 $3B +RPH

G



| LRQEDWMUHY DIRXQG  f& f)  ZKIEK FRXG @ WWKH WP H \WWDVWKQBOUJHG ( 9V FRXG EH
SDUNHG RXAMGH Z IWRXDIHANY EDWHY KHDGK $ GKRRXIK SRSXOMRQV P D EH @P MG 1Q
HWP HD FRGUWIIRYY BZVR  f&  f) RUEHBZ \KHVHUHIIRQV DUH Z IGHVSUHDG DQG
GHP DQGIRU( 9V H MW

WDQ EH VHHQ \KDWIWBI \R QR CDW H MV IQWH OMDMMHEHBZ &  f)  $OR JLYHQWH
QXP EHUR FRP P XQUIV 1Q$ OVND Z MK YHY VKRWELIMQ) GMBQFHYV EHFDXVH R @ WG
FRQQOHAIY LRDGY  DQGH WHP HO FRG\MP SHIDMUHV / MIXP \MUQDWM EDWHUHY P D\ KDYH D
QFKH DSSTFDVRQ 1Q YHKIEBN VXMMG R XD OVND * LYHQ \WH SHURUP DQFH QRWMG DERYH 1Q
H WHP H FRG IRURGED, I FRP P HUFID® DYDIOE®I ( 9V Z H DOR VHH D QHHG |RUEHWUEDIWAY
\WHUP DCP DQDU HP HQANRUFDELQ KHDZ VADWMI IHV | RUFRTS UHI LRQV

2 SSRUMQUIAV | RUIXUKHUUVHDURK B\ $&( 3 Z KIFK Z RX@ EHQHIWURP EHIQI FRQGXPMG LQ D FRG
FO@P DW @\H ) DIUEDQWV IQFOIGH \WWH IRTXZ Q)
* THAWWHO KHDWQ) EDINULV

&RBPWDQG DQDO] H AW RQ SRZ HUGDZ YW \MP SHIDMUH IRUGLIHIHON 9 P RGHY Z KIB!
FKDU Q) DQG Z KI®! IX® FKDUHG
THWHHY DG QRP IQDOFKDUIQ) VSHHGY YV WP SHUDMUA
&RBPWDQG DQDO] H AW RQP DO 1P XP WDQIH DQG HQHU\ XVH SHUP 1B YV \MP SHUDMUA
IRUGLIHIHQN 9 P RGHY
( YDODW WH FKDQIH QP D[ IP XP UDQIH RYHUMP H \ HDY/ IRUVHYHUDQ, 9 P RGHY SDUNHG
RXWMGH 1Q DP EIHQADIUWP SHIDWUA
,QHA DM HIHAW R H WHP H FRT RQ ( 9V SDUNHG [Q DP EIHQADIUWP SHIDXUHAY EXVWCRW
SOUJHGIQ HJ PIQP XP \ABWG) WP SHIDXUH GW 1Q EDWHY \ABAM Rl FKDUH Z W \IP H
DQG EDIWAY UHFRYHW Z KHQ EURXJ KWEDFNIQR D Z DUP - HQYILRQP HOW 7HMVI) VR \WH SRIQW
R VW QUEDQAEDP DIH RUIDGWH LH  SDMDCRURMBOBRW Rl EDMY FDSDFW Z RXG
SURYIGH XVHXAQRWP DIRQ EXWZ RX@ DOR IGFXUVXEWBIQIDCH, SHOHV
' HYHBS D Z RODE®I HBIPWE $79 DQGRUMQRZ P DFKIQH IRUKUDGS OVND XVIQ) QKIXP
\MICDWM EDWHUHY | RUWHUVXSHURUFRTG SHURUWP DQFH
, QVHVAN DWW VHFRQEDY  H \MDCSRWBE®! FDELQ KHDWRXUHV \WDWARX@ DIBIYIDM \KH GUDZ
RQWH P DIQ EDWHY IRUKHDW HJ  KHDWSDFNW



