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Themarket for electrifiedight-duty vehicles (also callegdassengevehicles;includingpassenger Analyst in Energy Policy
cars, pickup trucks, SUVs, and minivahs)s grown since the9®0s During this decadehe first

contemporary hybrigtlectric vehicle delied on the global markefollowed by the introduction

of other types of electric vehicles (EV8y 2018, electric vehiclesiade upt.2% of the 5.9

million newlight-duty vehiclessold in the United Stat¢bat year Meanwhile, charging

infrastructuregrewin response to rising electric vehicle ownership, increasing fron# 8/8#&rging stations in 2011 #8,301
in 2019. However many locations have sparse or no public charging infrastructure.

February 14, 2020

Electric motos and traction battery pask-most commonly madep of lithium-ion battery cells—set EVs apart from

internal combustion engine vehicles (ICEVEhe battery pack provides power to the motor that drives the vehicle. At times,
the motor acts as a generator, sending electieitkto the batteryThe broa categories of EVs can be identified by

whether they have an internal combustion engine (i.e., hybrid vehicles) and whether the battery pack can be charged by
external electricity (i.e., plugn electric vehicles). The numerous vehicle technologies fudéirmine characteristics such

as fuel economy rating, driving range, and greenhouse gas emissions. EVs can be separated into three broad categories:

9 Hybrid-electric vehicles (HEVs)Theinternal combustion engir@imarily powers thevheels. The battery
packand electric motor provide supplemental power.

9 Plugin hybrid-electric vehicles (PHEVs)he battery pack can be charged by an external source of
electricity. Depending on the model, primary power to the wheels may be supplied bgttery packnd
electric motor, he internal combustion enginer a combination.

9 All-electric vehicles (AEVs; also called bext-electric vehicles or BEVs): The battery pack must be
charged via an external source of electricity. The battery pagdklectricmotor power the wheels

Current technology offers three levels of chargingdlog-in EVs. Level 1 and Level 2 are currently the most widely
accessiblavith sandardized vehicle connectors and charge ports that can be set updoreatharginglLevel 3 (also called

DC fast charging) offers the fastest charging ratethe markebut is not available for ¢tome installation due to high

voltage. Vehicle connectors and corresponding charge ports for Level 3 are also not standétditede dferent
systemgurrently in use byifferentvehicle manufacturer§Some research has raised concerns regarding the potential impact
of fast charging obattery performangeesulting intechnology developmeaimed at addressing potential capacity ksg
decreased charging cycles

As an emergent technology area, EVs present a number of issues for consideratioel Sthecesised togenerate the
electricity tocharge PHEVs and AEVarea major factor in determiningV greenhouse gas emisssorelative to ICEVS.
Permile EV emissions vary geographically and with the time of day and year that charging take&pageg demand for
lithium-ion batteries also shifts tmeaterial requirements of the vehicle markem fuel for combustion to mineralsid

other materials for battery productioh growing EV market may encourage new strategies arthaslipply and refining of
raw materials, ability to manufacture batteries, andaHide management for batteries that are no longer suitable for use in
vehicles.

Support for EV deployment stems from, among other things, federal and state policies establishing manufacturing rebates,
tax credits for purchases, funding for research and development, and standardssfmrfoerly and emissionshese
policiesincludethe Plugin Electric Vehicle Tax Credignd the coordinate@orporate Averge Fuel Economy (CAFE)
standardeind emissions standarfts vehicles.Over time, smefederalincentives and grant programs haxpired Several

bills pending in the 116Congressvould extend or repeal tax credits for EVs, establish highway usage fees on alternative
fuel vehicles, fund grants for charging infrastructure, or establish a nationadmésions vehicle standard.
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1n this report, the terralectric vehiclgEV) includeshybrid-electric vehiclesHEVS), plug-in hybrid-electric vehicles

(PHEV9, andall-electricvehicles AEVS), the broadest definition used by some sources. Other sources do not count

HEVs among EVs and include only those with pingapability. Still other sources, including one federal regulatory

definition, use the term to referonlyto AEVsdan ot her vehicles that “do not include a
powered by an external source of03%80lectricity and/or solar

2 For more information on the Highway Trust Fund €S Report R4535®unding and Financing Highways and
Public Transportationby Robert S. Kirk and William J. Mallett

3 See als€CRS Report R4574%/ehicle Electrification: Federal and State Issues AifigcDeploymentby Bill Canis,
Corrie E. Clark, and Molly F. Sherlock

“DOE, “The History of the [mtpsedlovwwenergy.goatticleshistodyelpctriecatb e r 15, 201 4

5 For more information seERS Report R45204/ehicle Fuel Economy and Greenhouse Gas Standards: Frequently
Asked Questiondy Richard K. Lattanzio, Linda Tsang, and Bill Canis
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Proghsamndards appl i2c0a2bld 2 6ctuorr raeondtelly yuenadresr r econs i
under thSapeopAaStddfdabienFué SBAFE) Vehicles Rule.

Figure 1.U.S. Electric Vehicle Sales
Total SalesShare ofTotal Annual U.S. LigHbuty Vehicle Sales
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Source: Oak Ridge National Laboratorfransportation Energy Data B8dked. August 2019, table 6.02.
Notes: Includes hybrid, pluon hybrid, and aklectric passenger cars, pickup trucks, SUVs, and minivans.

In the 1990s, the -efliercsttr iccdd hweehmypdolaeh r yn htylba i gll obal
the Toyota Prius, whil e iCeanteerda)l tMoet ofrisr srte lceoansteedm
el ectri(cAEwe h kleHrEoVm 2000 to 2010, a few more elec
including the first-iaoommbectal ty(RHEV) abt aep Ch g
alll ectric Niesdaml iLneea fo, f-caldnedd iTc n®tMa deyh odf 1 ¢ sh.e s e E Vs
were made possible by DOE support for research o
particular Dbattery -stpeocnhsnoorleodg yl, o aanss wnealdle aasv aDiOEa b 1
and investments 1in nat Mo mwainduef acchtaurrgeirnsg fionlflroawsetdr, v
contributing models to &Frogmod®@dn2Z20kd ecEYicalvediid
from OO0 tq Tmhkk, . 0bAp% uopf 14a ¥ lutv w ch wscallicess 2 (h1l & h e

United()SdXdyHelsarging infrastructure has also grow

SEPA and NH/TaRdA ater Madel Year LigHbuty Vehicle Greenhouse Gas Emissions and Corporate
Average Fuel Ec ohedeatayRe@iste62624d,Octaber 15; 20727

TEPA and NHTSA, “Th e-Efficierft (SAFE)A/Ehicles Rule forlMedelFY aaes 202026
Passenger Car s aFedéral Registed2986T Augustk2d, 2018. 8 3
SDOE, “The History of the Electric Car.?”

9 CRS calculations based on hybrid, pinchybrid, and allelectric vehicle sales data from Oak Ridge National
Laboratory (ORNL) ORNL, Transportation Energy Data BopR7" ed. August 2019, table 6.02.
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vehicle ownershipgnpomenscirdkemstiinagl fTZBanBfHel930 1in 2011
Howe,mamnoc dthiaosngsars@udbtic chargtlng infrastructure

This prepwardprsi mke ©xnpa msair kmreetlodfcottrthiec pa-dstewn,ger, or
ve hiltTlheiss discussion wialclt oardsd i &sfdloysetorhmarinmegid t h e
categoErViaensde bieeldnol ogy, and the current federal

Shi ft Toward Vehicle El ectrif]

Most mdr ¢ RP®h aninlelviieggut v vehicles sold worldwide i
FRQYHQWLRQDO YHHKILREGHMW o we a kb dc bswWairs It d wind seensgfi n e
plag electric.WehmidIlad¥mtottthaeRddda&®e ypedvi ght 6. 9 mi l
duvyghicles were s oldtahlnesst lpdf-agneiontl et t Stitacnt gvse hi cl e s
362, @0% of avlelh smacdl%Vh en sand¢lwypb-oifdceahiic]l evs ar e
incl,E¥eadl es totaled 7%50f0h6abildmt yi g hiunp 1240 1 8

10DOE, Alternative Fuels Data Center (AFDC).S. Alternative Fueling Stations by Fuel Tyjmeractive graph,
updated October 201Bitps://afdc.energy.gottatal 0332 Stations reported by fiscal year, ending Septemb2o80
the indicated year. Starting in 2011, electric charging stations are counted by individual outlet ratinetdbation or
station like other fuels.

11 projections for 2025 charging infrastructure needs across 100 U.S. metropolitan areas indicate that approximately

25% of charging needs had been deployed by the end of 2017. Michael Nicholas, Dale Hall, anigelic Lu

Quantifying the Electric Vehicle Charging Infrastructure Gap Across U.S. MarkeésInternational Council on Clean

Transportation (ICCT), Washington, DC, January 2019, p. 19.

I'mcludes passenger cars, pickunottorrucksh,i c3@Vs ,i samd ymi“mmiowt aom
motive power designed to carry not more than 12 individuals, but does not inglsfla motorcycle; or (B) a truck

not designed primarily to carry it sduotpye rvaethoinc lep’apasngnpgecas
or passenger car derivative capable of seating 12 or fewer
BlnsideEVs, ITMoEWVhSgl PsufScorecard: Hi dttpa/insideevs.co@hart s, > Dec
newsB44007monthly-plug-in-ev-salesscorecarehistoricatcharts/ Plugin hybrid-electric and alelectric vehicles but

not hybridelectric vehicles.

14 CRS calculations based ptug-in hybrid and aHelectric vehicle sales from ORNL; ORNLansportation Energy

Data Book table 6.02

15 CRS calculations based on hybrid, piachybrid, and allelectric vehicle sales from ORNL; Ibid.

Congressional Research Service 3



Electric Vehicles: A Primer on Technology and Selected Policy Issues

Figure 2. Greenhouse Gas Emissions by Sector
Million Metric Tons o Carbon Dioxide Equivaleni9962017
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Source: CRS from BvironmentalProtection Agency (EPAEPA Inventory dfi.S Greenhouse Gas Emissiods
Sinks: 199Q017, April 11, 2019table 210.

Notes: Metric tons ofcarbordioxi@ (CQ) equialentuses global warming potential to compare different
greenhouse gas emissio@D2, methane (CH), nitrous oxide (NO), hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs3ulfur hexafluoride (S and nitrogen trifluoride (NE). Does not includeemissions
from U.S. territories due to lack of specific ddtar individual enelise sectors oremissiongrom the land use,
landuse change, and forestry (LULUCF) sector.
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secsoovre eml § froms greenhouse gases, partbhiycyul ate ma
reducing the use of petrolcecumwpuddudttpentdheone at ¢
number oifn cflatccteormicxgioefra Ir icli t y o g eAnte sla, t8i606n mi 1 1 i on
metric tons of carbofitrdapnoxit de¢ ¢ mpaseehonhava 20¢r7
more than any ot(hleJXUYHealtoomg swintche 1lMOr0"é asing de ma
Li gdhutt y vehicles contribwtmid siD%saof wtidtha It hter a resmm

f
so consumed -BWaB3s% b ff peelts oil e utmh e POtamsposd att a o:

©w oo ®
O Hhp

cctoerlectric power generated is observed to be

16 Carbon dioxide equivalemheasurement allows for comparison of emissions across greenhouse gases with different
weights and global warming potentials. ERAventory of U.S. Greenhouse Gas Emissions and Sinks:2(890
April 11, 2019, table A0.

17EPA, Fast Facts: U.S. Transptation Sector Greenhouse Gas Emissions, 12807, June 2019, p. 1.
18 |bid.

191bid, p.3. CRS calculation based on energy content in trillion British thermal units (Btu) from EPAdLlight

vehicles consumed 14,800 trillion Btu compared to 27,800 triBinntotal transportation consumption. Fossil fuels
include motor gasoline, distillate fuel, residual fuel oil, jet fuel, aviation gasoline, natural gas, liquid petroleumd gas, a
lubricants, but not biofuels.
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emissions d
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Figure 3.How to Differentiate Electric Vehicles

Vehicle Technology

Internal combustion | Hybrid-electric Plug-in hybrid All-electric

Internal combustion engine
& petroleum fuel

External electricty

e ©c | o®o [ ¢©

engine vehicle electric vehicle vehicle

Source: CRS fromU.S.Department ofEnergy (DOE) DOE, Office of Energy Efficiency and Renewable Energy
(EERE) lectririve VehicleSeptember 7, 2017.
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of most int
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tiations betweenectlhketrhceovehi @ed & sc &t
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= B

20EPA, Inventory of Greenhouse Gas Emissign-11 and figure 2.

21 For more on batteries and how they are used in calGR8eReport R4170Battery Manufacturing for Hybrid and
Electric Vehicles: Policy Issugby Bill Canis
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Figure 4.Internal Combustion Engine Vehicle (ICEV)

Gasoline Vehicle

Fuel Filler

Electronic control module (ECM)

Internal Combustion Engine
(spark ignited)

Fuel Injection System Fuel Tank

(gasoline)

Fuel Pump

Exhaust System
Fuel Line

N Transmission

afdc.energy.gov

Source: U.S. Department of Energy.

Internal c¢cgpimbas vaérlenctkhees most wvommohepas®wmenhfBperroad
rely primari-bgsed pattoleéymically gasoline), whi
chamber in the internal combustion engine where
t hmptopédles vohlXd)fAFh ¢ 1 CEV powertrain can have more
bet ween the engine, the t*Ffardmidfficecnenazrydianthemw
incr,eawictdh s ome cvheihelacilmagtunpmdtedosf3 99 mi l es per gall o
model y#IPDEGHMImMmavaresus aspeths dfilfefc€tEr¥inct a ad
vehtgpbes

22 Most passengerehicles combust gasoline, but some models contheselAF DC, “How Do Gasoline Car
Wor k?” acces s e dhttps:dafda.energy.gaiéhiclestidwdb-gasolinecarswork.
23 DOE, Idaho National Laboratorfdiow Do Gasoline and Electric Vehicles Compane®. Patrick Hummel et al.,

UBS Evidence Lab Electric Car TeardowiDisruption Ahead?BS Limited, May 18, 2017, p. 2Analysts identified
167 moving and wearing partstime Volkswagen Golf.

24 Highest combined fuel economy among gasoline, diesel, anfLiééxehicles. DOE and EPA, FuelEconomy.gov,
Fuel Economy Guide: Model Year 20[t&ta file], modified December 18, 2019.
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Table 1.Characteristics of Selected Vehicle Types, by Fuel

Internal Combustion Engine

(ICEV) Hybrid -Electric (HEV)

Plug-In Hybrid -Electric
(PHEV)

All -Electric (AEV)

FuelEconomyRating

Driving Range

Fuel Costs

Battery Pacland Size

Greenhouse GaEmissions
and Fuel Type

Types of Existing Policies

Examples

29 mpg (average)
Up to 39 mpg

45 mpg (average)
Up to 58 mpg

Up to 640 miles Up to 690 miles

10¢-15¢ per mile 5¢-10¢ per mile

None Lithium ion or nickelmetal
hydride
Up to 1.6kWh

4.1-14.7 metric tons peryear

Gasoline/diesel Gasoline/diesel

3 State incentives

Ford Mustang
Jeep Wrangler

Hyundai loniq
Toyota Prius

2.89.0 metric tons peryear

60 mpge (average)
Up to 133 mpge

Up to 640 miles (combined)
Up to 130miles (battery only
5¢-10¢ per mile

2¢-4¢ per mile pattery only)
Lithium ion

7.642 kWh

25-7.0 metric tons per year
Gasolinédiesel; éectricity

Federatax credits
State incentives

Chevrolet Volt
Chrysler Pacifica Hybrid

107 mpge (average)
Up to 136 mpge

Up to 370 miles (single charge)

2¢-4¢ per mile

Lithium ion
18-100 kWh

1.835 metric tons per yedr
Electricity

Federal tax credits
State incentives

Nissan Leaf
TeslaModel 3

Source: U.S. Department of Energy (DOE) and Environmental Protection Agency (EPA), FuelEcondruebBepnonBuide: Model Ye2019 [datafile] modified
December 18, 201%€PA The 2018 EPA Automotive Trends Report: Greenhouse Gas Emissions, FuelTEabmmiogyaBohce 19¥E&rch 2019DOE, Office oftnergy

Hficiency and Renewablmergy(EERE Electridrive VehicleBOE, Alternative FuelsData Center(AFDC)
updated May 18, 201#ttps://afdc.energy.g@dlctost_calculator_methodology.htm| QVLGH (9V

https://insideevs.comgviewsB844001¢ompareevs/
Notes: Typical values presented for comparison purpodéadel year (MY) 2019 except where noted

a. Miles per gallon (mpg) or miles per gallon of gasoline equivalent (mpggantity of fuel with same energpntent as gallon of gasoline). Ratihgsed on
laboratory testing and vary from realorld fuel economy due to a range of factors, including driving conditions, vehicle load, etc. FuelEcondtuglgosonomy

2019

"9HKLFOH &RVW &DOFXODWRU $VVXPSWLRQV
" & RFuEOt Range VSpecs, Pricingd& UH p - X O\

. Productionweighted average for MY201dcludes sedan/wagons and car SUNg not lightduty trucks EPA2018 Trends Repop. 52.
c. Highest combined fuel economy for MY2017 fr@RS estimation from EPA figure; ERA18 Trends Reppfigure 4.14.
d. ICEV inadldes flexfuel vehiclesDOE does not provide ranges for all ICEV&IelEconomy.go¥uel Economy 2019
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$QQXDO IXHO FRVWY GLYLGHG E\ DQQXDO PLOHDJH EDVHG RQ YHEKitidBrodMehDIés 01T \$3.8 pesdulloRa®d®V DW WKH W
gasolinell¢ per kilowatt hour (kWh) of &ctricity, and 12,000 annual mile3)'& "$VVXPSWLRQV DQG OHWKRGRORJ\ p WDEOH DQG WDEC

CRS calculation diIEVbattery voltage multiplied by capacity in ampé@irs fromFuelEconomy.gov; RiEeonomy.govi-uel Economy 20FBHEV and AEV from
InsideEVisinsideEVs “"& RPSDUH (9V

Metric tons ofcarbordioxi@ (CQ) equivalenises global warming potential to compare different greenhouse gas emissionsn€ane (CH), and nitrous oxide
(N20). Total upstream and downstream emissions from fuel production to final use for 15,000 annual miles from FuelEconommpagsarotool. Lowest and
highest identified by combin&giO2 from FuelEconomy.gov; FuelEconomy.gael Economy 2019

CRS calcul&n from grams per mile from FuelEconomy.gov national average, which uses recent electricity generation data regardiesyeanselected and
assumes a ratio of electric to gasoline operation based on individual vehicle design and average dts/fiog REIEVs. Greenhouse gas emissions associated with
electric operation vary based on fuel sources. Eleatrity operation produces upstream but not downstream emissions.
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Features of Electric Vehicles

$Q (9:V GLVWLQFWLYH HOHFWULF PRWRU DQG WUDFW wer® tdg&Har\W |
to charg the batterypackwhile the vehicle is in use.

Idling stop powers down the vehicle at complete stops (e.g., at stght$) in order to conserve energy and
reducegreenhouse gaamissions for hybrids. Following a stop, some hybrids can move with just the stored
electricity, delaying ignition of the engine until the vehicle reaches a higher speed, further conserving fuel.

Regenerative braking allows the vehicle to convert the friction from deceleration into stored energy that ca|
power the electric motor. Since friction energy would otherwise go to waste, this feature makes cars more f
efficient.

Figure 5. Hybrid -Electric Vehicle (HEV)

Hybrid Electric Vehicle
i - \
Exhaust System P \
P 4 Fuel Filler

(
Power Electronics Controller v

DC/DC Converter » »
7 7 P~ }' 7

Internal combustion engine
(spark ignited)

v

Thermal System (cooling) Fuel Tank (gasoline)

Traction Battery Pack

Electric Traction Motor
Electric Generator

> Transmission

Battery (auxiliary)

afdc.energy.gov

Source: U.S. Department of Energy.

Of the electric vehicle alternatives, HEVs are 1
economy due to aZ®Pelreaccttriioon rhattare,r ya npda crtke,gener at i v
ICEVs, HEVs require gasoline to initiate the eng
supplement thhtoughttith¢ epbiwerwtity mdtoare dusiinng he |
()LIXYH Thei sbadamtriynuously recharged while the c¢a
combustion engine or regenetrmrtasveofbrRBIE mtgr i( s e\e hs
HEVs c¢cannot run without a petroleum product, but
I CEVs, ac ha5e&8v immg.?funpg t o

25The most common battery type among electeisigles is lithiurdion, though some manufacturers of HEVs use
nickelmetal hydride (NiMH). FuelEconomy.gokuel Economy 2019

®AFDC, “Hybrid Electric Ve hhttpsl/afde.enérgygawdhieles/s ed January 29, 20
electric_basics_hev.html

2" Model year 2019. FuelEconomy.gdwel Economy 2019
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Figure 6. Plug-In Hybrid -Electric Vehicle (PHEV)
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(spark ignited)
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Source: U.S. Department of Energy.

PHE Vs
an extermnal
chargiamgdwivemrnge
rangegspeovi ahl yegular

combine the technology

acc eX®Tso

torfa dit&itVisre wwi & h
s )b XD so fa dRIddScvtdrtic aind¢ db ew iotpheor uatt
simir laantoendcyHOYWses e a teohain
taoc ccohtratregdiandgd efeatcmiglci t 1 e

t he at
extern
dri vi i

range, PHEVs requibnd tmoghkecsaliecteliectyi antdy st or a
HEVsup to 42 kilowatt hour d . kWhWhf)o PloHE WsHEWNE V,ver s
the internal combustion engdhibe aemdbtllead loe ptowiea

directly in a

palimd ¢ ehaboadmgatbhbdboomedgi ae

ma 'y

confi goumrlayt itoon gentoaseoecéernrtibethathermot owhich

to power (oherwhealfs gurations are al omomyssible).
than both HEuWps taon dl 3I3CEnvVisl,es per galifon of gasoli
2Z2AFDC, -FPIHgbrid Electric Vehi btipe/afdcenergygowhicessf d January 29, 2
electric_basics_phev.html

®Model year 2019. InsideEVs, “Compare EVs: Guide to Range,

https://insiccevs.conmkviewsB44001¢ompareevs/ CRS calculation oHEV battery voltage multiplied by capacity in

amperehours fromFuelEconomy.goyvFuelEconomy.govi-uel Economy 2019

30 Model year 2019. FuelEconomy.gdwlel Economy 201%ince PHEVs and AEVisse fuel other than gasoline, a
gallon of gasoline equivalent refers to a quantity of fuel with the same energy content as a gallon of gasoline.
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Figure 7.All-Electric Vehicle (AEV)
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Source: U.S. Department of Energy.

AEVs (al s o -eclaelclterdi cb avtetheircyl es or BEVs ), run entir
tradodtaitdre r)LIBBHkh e( 1 ar ge swti tahman g alpV¥sc i t3%T hoef up t o
battery mustn bextcchraragleds owemgeaeocfhtdlvectbriaditmyg. aR c
insufficient to generate the quantity of electri
functionalitffedf @Bheahi gAENS nfimetl o BABGknmyg e .

not use gasoline and ha¥Ehreeailfftawver nmdviogmbandi or
wearing paet sanahnonrteh ee Ipeocw r 0*hCiocn sceoqmupeonnt el nyt, s .a

manufacturing mhdgifsr uptwapar tAE Vmanufacturing and
automotive industry due dof trheaquigmed dssknialnldse tfso rf
laborers in the productPon and maintenance of A

31 Model year 2019. Ibid.
32 Model year 2019. Ibid.
BAFDC, -E1A&lclt ric Vehicles, ” htps/afdcenergydgovthiclestlectricy bagics ev.htmd 2 0 ,

34 Hummel et al.Electric Car Teardownp. 27 and p. 5. Analysts identified 35 moving and wearing parts in the
Chevrolet Bal compared to 167 parts for the Volkswagen Golf, which analysts chose for its comparable size and
features. Analysts calculated that the Bolt contained $4,000 more content from powertrain electronics suppliers than a
generic ICEV.

35 For more on potentialipacts to automotive manufacturing €RS In Focus IF1110E]lectrification May Disrupt
the Automotive Supply Chaiby Bill Canis
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How o Char¢ge Elegtric Vehicles

Batteri-es ¢ he ¢ {—#8PglcE Wse hainedd ®AE Wbse charged using a s
residential outlet. Providing a full charge 1in t
availableeflremracchdmes essxlvaw pace of charging 1is o
affecdnsnygmer acc;e pnoasntc emootforEiVsst s are wused to fil
matter of minutes.

Current (/DEPH6T epyabdsebarging, differentiated Db
electrical current: Level 1 at 120 volts alterna
Current Versus Direvol CarA€ntayandLboed¢]l 23 a¢aldd c
charging) at 500 )volleeweldilr eacntd cluerweelnt2 (abrCe t he m
with botohf tveworht hgbke 1 n aCosntnaencdtaorrds haonmde c harge po
charging us es ttahned aSrAdE, Jal 7r7e2s ul t of t he SAE Intern
documenting common¥bMagti imekmwg erg tpriactviedhhds.l es ¢ o m
cordset witthhspeacopslguagn doann doach e] 1¢7n7d2 ocno ntnheechtaeotrh pt u g s

int wehiscder es pondi3Sgo meh areghemeplodwsttvlke ] a 2 ovhi ¢ het

haas pl ug -foolrt ao w2t4l0euts,& dsru cah calslodtrhheadtr idwveres . char ging
homeo, amldc o8 » nma di¢fvhsee le ebcutteldet is served by a dedic

Alternating CurrentVersus Direct Current 38

Alternating current (AC) s electrical current that reverses direction regularly. The majority of electricity in
the United States is generated and distributed in AC &eguency of 60 Hertz (i.e., cycles per second). AC len
itself to repeated conversion to different voltages, a characteristic that enabled its initial use in the distributi
electricity across long distances.

Direct current (DC) s electrical currenthat flows constantly in a single direction. Batteries and many
distributed generation systems generate electricity in DC, and many electronic devices and appliances (inc
EVs) operate in DC. Since conversion between AC and DC results in energyéotsin applications may benefi
from DC distribution3®

Despite some debate, neither current appears to pose a greater healafetyrisk over the other. Instead, the
magnitude of the electrical current (measured in amperes) is the primary deternohask, where current is a
function of the voltagé?

Lower voltages meaheblolfg®lreschinglsanfda vodoe s ge
charging rates t hahre I[Lewell Bh ashdarlgd maghgnéim ttsh AtC
fromlteheet ri c,egabldi hg ®OCr e ct pcahcakr@ii magr iolfy ,t hEV sb aut st«
otboard charger t o “*Aesr faonr ne ntehrigse nct o nt veecrhsnioodno.gy, Le

®¥SAE International, “Standar dsy292020htips/iwwesac.orgiandardsdey/s , > acce s
devprocess.htm
STAFDC, “Chakmrgihlge Ptlmigc Vehicles at Hipshafdc.énergygaielsy s ed January

electricity_charging_home.htmMichael NicholasEstimating Electric Vehicle Charging Infrastructure Costs Across
Major U.S. Metropolitan AreadCCT, Working Paper 20124, August 2019, p. 6.

8DOE, “The War of the Current s : htasd/wwwsenergpgoettitlesivar-r , > Nove mber
CUrrentS&C—VS—dC—pOWEE

39 Electric Power Research Institute (EPRIT; Power Production, Delivery and Utilizatipdune 20086, p. 5.
California Energy Commission, Public Interest Energy Research ProD@mpwer Distribution Cuts Data Center
Energy UseTechnical Brief, 2008.

40U.S. Department of Labor (DOL), Occupational @gfand Health Administration (OSHAGontrolling Electrical
Hazards 2002, p. 7.

“YAFDC, “HoWl ®ot®Al e Cars Wor k?” https//afdcenergydgovéhiclashawdopall-2 9, 2020,
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andhargarpomtd
and Nf?SAEndombined

currenitdglCdldAd n MOrbyu x«Keich ,a nvd t s ubi s |
cChCaSr;ge¢ h gb g yBMWmafd Chevrolet)

Super chparrogperri et ary ®*DoaeTd¢ ol ad heehiglhotvpohtvageéabLeve

for residenti@ohliyna taatk keahtatrdgm nagn ds tiast i on s .
Table 2.Available Electric Vehicle Charging Systems
Level 1 Level 2 Level 3
Voltage 120 volts AC 240 volts AC 500 volts DC
Outlet Type Standard home outlet Clothes dyer or stove Only accessible atharging

Vehicle Connector

outlet

stations, not available for
households

o0
andCharge Port .. .. .. .. ‘o
0" sae a2 0" sacqrm 00 sici772ces
L)
00
CHAdeMO
0XO

*®°" TeslaSupercharg

Charge Rate Up to 80 miles in 16 hours  Up to 80 miles in 4 hours Up to 80 miles in 20
Up to 5 miles per hour Up to 20 miles per hour minutes
Up to 240 miles per hour
Equipment Cordset, outlet, dedicated Cordset, outlet, dedicated Publiccharging station

EquipmenCosts
Residential

Non-Residential

circuit, wall or pedestal
mount (optional)

$400-$900
$300$1,500

circuit, wall or pedestal
mount (optional)

$680-$4,100
$400$6,500

Not available
$10,000%$140,000

er

Source: U.S. Department of Enerd{DOE), Alternative Fuels Data Centef' HYHORSLQJ ,QIUDVWUXFWXUH WF
Plugln Electric Vehiclesiaccessedanuary 29, 202attps://afdc.energy.gduélsglectricity_infrastructure.html

DOE, Office oftnergyHficiency andrenewableéenergy (EEREYy OHKLFOH & KD U Jla@aly RO92BRHV VHG
https://www.energy.gogéreklectricvehiclesfehiclechargingEERECosts Associated with Residential Electric

Vehicle Supply EquipmBiavember 2015, ppl1-18. Michael Nicholasstimating Electric Vehicle Charging

Infrastructure Costs Across Major U.S. Metropolitatfeéaternational Council on Clean Transportation,

Working Paper 201944, August 2019, p. 6.

Notes: Typical values presented foomparison purposes.

a. Combined charging system (CCS).

b. Approximate charge capacity; does not reflect realrld driving range. Actual charge times depend on
EDWWHU\.V VWDWH RI FKDUJH DQG FKDUJH DFFHSWDQFH UDWH

c. Cost for single chargingnit. Does not includepotential government incentives.

electriccarswork.

“2CHAdeMOisaDCfast har ging system developed by the
I's CHAde MO, ” ac c e s hitpsdwnwivehadema.combaubusivharis-chadema/

“BAFDC, “Developing 1In flrna sBlreuccttruirce
https://afdc.energy.gduelsklectricity_infrastructure.html

CHAde MO Associ ¢

Meoh iCchlaersg,e” Palcucge s sed Janua
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d. Average additionalosts, including installatiorCosts may be $@vith readyaccess to a suitable outlér
the manufactureprovided Level 1 or Level 2 cordsefurther costs are incurred for a newordsetor
installation of a new circuit oroutlet for various housing type (e.g., standalone house, apartment)

e. Range of potential cosfer public or workplacecharging stationsiot including installationosts which
vary regionally with labor, materials, permits, and tsaxequipment costslepend onpower leve] mounting
style,additional technology features, and how many charging units are grouped on a single pedestal or wall
mount.

Fast Charging and Battery Performance

Levelha¥ ging introductebshep otoenngteivai It yc-ihaaf ] dHeantcgteersri ice s
vehielHEsVs anWhiAE& st heo nl ibtaltitvermi es wused in PHEVs
known to lose chargme gsdd apaciutggester htait md,asg ¢ h:
el evated r altoesss oafn dc adpeaccrietddd a d 2nPahin®yV g i wg-t by € h s ¢ .

charging capabilatvesiaryg ot usapppatcdinmsyi tlho sasd, d rienscsl
cooling systems, as well as battery management s
frequency of fast charging, and adjuyptottelng i @l dryg
addressing soméMednwhebe, cpaseanshers have cont.i
improve fast charging whifle mitigating its poter

Considerati ons

Since mhedeEdVisr were introdeeedfi EVthech8®0sogy and
infrashasucgmawm. edner gent technolroegmaiam emnder numb
c o n saitdi eorn

Emi ssions and Electric Vehicle Chargir

Onanverage fl ceoturladdda &eMs s si ons compared to a fleet
extent of thmsyresdsoctioncodmbdearcifet gnadegpmaecal ar

whewmk e anglli@gwi Ve dr i ve nThaensde icehmasrsgsendc.l ude gr e enh
gases and other polluendnoshehati ddnambkpoye ptt 0 bhr
emi sciamnde dupidedamadmhmi dowanss¢sr dUpmtamiasms i ons .

emis s iaosnsso cairaet ed wifhetheapdepewndastobdn, includi
production of gasoline and dieselelfoctfoipmbtuytior

“Anna TomaszewskhormtBatter y LE a4 ¢t al@hspartationuog 1 (20A9).Re vi e w, ”
Abdilbari Shi fd&haMingEfects entAgeind for Ener@ptimizad Automotive

LiNi 1sMn1/2C01/302/Graphite Prismatic Lithiurh o n  Cleurnkal of, Péwer Studiesol. 422 (May 15, 2019), pp.

175184. Matthew Shirk and Jeffrey Wishé&gffects of Electric Vehicle Fast Charging on Battery Life and Vehicle
Performance DOE, Office of Nuclear Eneyg 2015.

45 Liane Yvkoff, “Will DC FastChargingHarm Hectric Car Batteries? Roadshow by CNER010.Driving Electric,
“ Wh ks astCharging? WhatsRapidCh ar gi ng?” up d a thitpg//wdw.drivingelectric.Sommbuz- 0 1 8 ,
questionsansweredl17whatfastchargingwhatrapid-charging

“®Argonne National NewhightontheGhgrging of&ithiefiladdd nBRat t eries, ” press 71 el
October 30, 201%ttps://www.anl.godrticlesheddingnewlight-on-the-chargingof-lithiumion-batteries Anna Lee et

al . , -Atdelerateddast Charging of Lithismo n B a NatweCommsanicatios, vol. 10 (2019). Johannes

Sieg et al., “Fast Char ganBatteryafthedimit df thecLithium Deposithe hPircolcee slsi,t”h i u m
Journal of Power Sourcesol. 427 (2019), pp. 26Q270.

4T These include carbon dioxide and sruagising nitrous oxideE ERE, “Reducing Pollution with I

accessed January 29, 20B0ps://www.energy.goeereglectricvehicleseducingpollution-electricvehicles
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charplmg E¥wns Dr e a maremii st stieadncsalri i g tilme lusdi ng

on
AEVs pfedvowegstream emissions, bubPettdremi marmeg ntoli e

emittedt dr bphirpebmeaopror at i on. dRuHE Vasg ofpueerl ai tnign g

emissions fploung crEe¥lragtiinvge t o an [ CEV doefp etnhdes

electricity wused t o cahlasrlogoewnt hteh avte heintilses.i oRness eaarrec
impacted by charging and us aagne ipnadviéevhifloubaclas wel I
Electricity generati admoiga etahsde olpnaisteesd aSntda toetsh eprr opc
than any other sect®Nmtheommdddush®® G aaged d201 7

decreasedaa isneenrdefa sreadt wrsael ogas-eanmd sotomewmr]l oware wab
sourend ener gy ienfcfriggaiscendclyo hsas gas emissions from
gene rhaatvieconde ¥ 1 Btoe di,evenl 990demand for electricit
t he s amHopweervieord . national averagepoobncunt emgse
from t heesmiuxusoefsd ffor el ed}tLdXWHty generation

Figure 8.RegionalVariation in Electricity Generation  Sources
Shares oPrimary ElectricitySources Nationally and Belect States

B Lower Emission Natural Gas Coal Oil & Other Fossil
National
California
Hawaii
Kentucky
Washington
0% 25% 50% 75% 100%

Source: Department of Energy, AlternatiieuelsDataCenter ~ (P L V YfdanRHyMid and Plugn Electric
Vehiclesy LQWHUDFWLYH ILIXUH hfpgsHaide.enérgy@@eibldddlectric_emissions.html

Notes: Average energy sources 2018 Statesselectedto highlight regional variability compared to national
average. Loweemission fuels includeuclear, hydropower, windsolar, biomass, and geothermal

t hos
el ¢
€

larg

Fopla Vs ,,miplee emitsgsgiidbmg ed t o au psatgprha amAl El¥yu. r cAens

wouldxpecp readfveoree r e mi s s ii dn sc Hoaur gahwbe rsatgact e o f

Wa s h

wheZ® of e liesc tprriocdiitgyd do wo wdir c hha gewh ectre%Hao Wwa i i
electinsi pirtoyla®®WMddwit i bnally, smoauyrhcaensg ef ocorv eerl etcitnrei, ¢ |

resuldcliapggmmgsi ons for——"RHEVandndt AEVwiI s e .

Emi msiattributed to upstthree atm meo uartcheesn yacl hsaod gdiermpgern
takesTyppiacaelly, eclesxthdvdaddgpbantgringista mon unit s

48 Joyce McLaren et alEmissions Associated with Electric Vehicle Charging: Impact of Electricity Generation Mix,
Charging Infrastructure Availability, and Vehicle Typdational Renewable Energy Laboratory (NREL), April 2016.
Argonne National LaboratoryVellto-Wheels Energy Use and Greenhouse Gas Emissions: Analysis dhPMygrid
Electric VehiclesFebruary 2009.

4“9 EPA, Inventory of Greenhouse Gas Emissidasle 210.
S0 EPA, Inventory ofGreenhouse Gas Emissioqs2-14.

SAFDC, “Emissions dmomlHybrid HediBleg,” interactive
https://afdc.energy.govéhiclesélectric_emissions.html
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meet elect,sheftyngemdrdtricity generation sour cc¢
demand ¥Amnigersrease in electricity demand from c
gene rwahtiicohm smea ys wiutr o e gr e aet mirs soiro nfse.we r

Battery Materitals Managemen

Batteries are a crucial component of EVs and int
overall wvehicle market. As electric vehicles 1inc
requirements of theomvdhidlcetfmankombuulsafidnot her

materials for Ubadmntmmpyswophrhoedfuntattieorni.al ABYapositions
(Chevroletl BBY t() Voalnkds vaang e n Gab f p gb UBShaamsd i fmart e d
batmet gsuahsas 1 it hriaupnhi t€eb,b aftarg nat n AEY¥Ywi tmmde up o
existing bafPOerryhe¢eobhhet okgndyptikalliyghpbtrwdicght db
manufactsuestsmattbd Tn decreased global demand fc

steal foafvoarl uPmoi tneumnt 1 a 1 c oncstirdi ecr avteihoincsl ef obra tetleer 1 e s

9 supply of minerals and other raw>naterials an
T ability to manufacturiembmateeyy paekks amd asse

T enébf i fe managemendi byosaekyefl ihgt amdi es ¢ omp o s
chemicals that may be hazardous to humans an.

e any other typpewmffobbmanece ywi EIV dacltieme eshr ou
h battedriigasblmay ore seecond and third uses. EV
ht years in a motor vehiclye,arwiotr-inilifieds t0 Ofia n u f a
r @¥Whicens batteries are no | amge re xefhmiotteaebdl e¢ f or
roximat e l%St7r0a% ecgaipeasc ittoy.e xt end the wuseable 1i

® g 0w =

T o e
T R o R

T recondit i otniimuge df ours ec oinns pEeVemiofbiycl ¢ € pl acing
experiencdencgl iunnee vienW amedr f or ma n c e

f repurposing for ysetbmagleasiyehaemy.energ
Lastly, materials within batteries may be recyc]l

batteries). Ledsonthbathdtmes$t]l commom—arype of EV
currently being recycledl,ogdfuet hiena bpahtrdtfo tstoe sthh e c or

2Energy Information Administration (EIA), “Electric Generaf
De ma nuhe 8 2011https://www.eia.gotbdayinenergyetail.php®i=1710Q

53 Hummel et al.Electric Car Teardownp. 23. EV battery technology continues to evolve, and future batteries may

require different ratios of materials or different materials entirely.

54 For more on minerals policy and supply risk €8S Report R4581Eritical Minerals and U.S. Public Poligyy

Marc Humphries

SSEERE, “Electric Car Safety, Maint en ahttps//wwvwienergy.Box/t t ery Li fe,
eereglectricvehicle®lectriccarsafetymaintenancandbatterylife.

56 Jeremy Neubauer et alidentifying and Overcoming Critical Barriers to Widespread Second Use of PEV Batteries

NREL, February 2015, p. v.

57 For example, a Toyota Prius hybrid battery pack contains 28 modules ¢gaaming numerous battery cells) that

can be individually replaced, potentially delaying the higher cost and greater resources of a full battery or vehicle

repl ace ment WhyWoeuldd Wahutd Reeondition My Hybrid Battery Patk? Ho wS t u 6nf, Mayr ks . ¢

11, 2009, ahttps://auto.howstuffworks.comuel-efficiencyhybrid-technologyweconditiorhybrid-batterypack.htm

AFDC, “tEeVr yBaRe c yc 1 i n htips://afdcpeneigy.gockhse?27882eRt1 7 ,

58 Neubauer et allgentifying and Overcoming Critical Barrierg. vi.
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recy®CGimging interestiom bianptreorvyi nrge &y 21@iil Mgn such
announcement of the Battery Recycling Prize and
Recycling Center,ranfileys.el evate recycling

Exi sting Authorities and I nce

A range of 4 ¢ fkehecett Ip uproclhiacsiedvealmidec lues emanfu fEaVst. ur er s 1
EV saiempdatbe coordina€CedpetamndaAdesr faga Fuel Econ
sct by t hHei ghhawtaiyonlfarla f fi ¢ SafetamdAgmierrinshtouastei gm s( N
emissions under the ClefRuAiireActeg@@CAApryencbyon
Safe Affokfdfaibdiee ftue( SAFE) Vehicles Rule may resu
anomakers to tAahea mbret o od c,o éstuecrth parso ggtrhaemsCl ean Ci t
have promoted research and devel opment of batter
and other velsi,cleex etmepct h mmlskhogrfaunld]l edre pll iosytmemft t he s e
s e&RS Repor SOWHYOIPWLYH )XHO DQG $GYDQFHG 9HKLFOH 7HFK
6XPPDU\ RI )HGHUDO®G y3URYyWRPVY . Cunningham et al.

Selected I ncentive Programs

Certaiad fpaeadbgmrams aciConvgadwmsitogptrlboemoitb6the produ
purchase ofSeEVd ctthmomwWght ax credit incentives.

&RUSRUDWH $YHUDJH )XHO (FRQRP\ &$)( 3URJUD® $OWHUQDWLY
Establishdesma fore diutt osmpskers for selling alterna:
promotes the production and sale of alternative
automakers to comply ¥reldifswehrecomdmmistteandards
(e.g., AEVs) and were phasddedwtd awftthdr Ilmesddle. ge a
Proposed regul at oruyl tacitni ocnh ainng e2sthdt 8oe hszh¥i &d epsr o gr a m
and beyond

+LJK 2FFXSDQF\ 9HKLFOH +2%ThDQks [HPBWeLiRIQi ng HOV 1 anes
states to establish programs to exempt certain a
AEVs) from HOV lane requirements. Thwer&xemption
alabé¢et ablish pr oglroaowmsi stso oanlsledivh dotelmeerr gye hi cl es t
toll to accheusts tHhQ ¢ xlpannteksd,r Sept ember 30, 2019.
®Mitch Jacoby, “It’ s TilingelithiumI &= t B8 €hemicaliaedEadineeting Nevs ¢ y ¢

July 19, 2019, p. 28.

S°DOE, “Energy Department Announces Battery Recycling Prize

January 17, 201%ittps://lwww.energy.goetticlesénergydepartmenfinnouncebatteryrecyclingprize-andbattery
recyclingrd-center

51 For nmore on fuel efficiency and greenhouse gas standardsR8eReport R45204/ehicle Fuel Economy and
Greenhouse Gas Standards: Frequently Asked Queshgrigichard K. Lattanzio, Linda Tsang, and Bill Canis
62 CAFE standards were established by the Energy Policy and ConservatidhlA@4163); alternative fuels
incentives were established by the Alternative Motor FuetsoA1988 P.L. 106494); both were subsequently
amended multiple times.

6323 U.S.C. §166.
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IDWLRQDO $OWHUQDWRYHe)XHOV t&RUUDRGERWr t ment of Trans
strategic 1 ocat iyosnsf oarl odnegvi emlaocjpoiencghrpiglduwgae hi cl e <c¢c ha
hydrogen, propane, and natural gas fueling. I nfr

30XH (OHFWUL/MBHWKICRON vi des a federal income tax cr
vehifolkle buyers oinqahdad tfswiinagdvupdhiinggl ePsSHEVs and AEVs
credit begins to phase out after an automaker ha
Tesla and Greanweadh Mset 6hy es hol d. The tax credit I
electric vehicles, which are on average more eXfF

Sel ected Proposed Feder al Leg

Several bill s'Cpenngdiensg f fwnxaitlshdei nlgl 6p o1 iacnyd mend i ncen
bi wbedslt ablish new programs wer epoled emd scsdt v e f ol
few facets of the curremptoldithewsdseipdmwm yaneenrt tolfe
hicle elO¢hteri bididsi hadehcedd@eltbgr ess that would
bate programs for electriclmnc hRlregdtnrgi d nVWerhaisctlreu c
edi p o ¢ vV noownsrelelgh i &« drédesi,n st ate t he taxnatrieda t for
el efoneying prope

o
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&= oo

t
r

Renew or Reptal EtlleetPliegVehicle Tax Cr

'ULYLQJ $PHULFD )RBZDUBGG $FWoul d ¢ htpaexn d df ot npl ug
electric vehiclehe g @hodWOMAhidc hdd opver aut omaker
(currently capped at 200, 000) to be eligible for
the c¢creditThiss pthialsle dovamsmiri enfebrort ehd cthama mber s .

(OHFWULF &UHGLW $FFHVV 5HDG\ DW 6PG®H (OHFWULF &$56 $FW
extehd tax ciradeteforiplughicles through Decembe
for automakers (cThrenbillyl swammittttRedari®d O) @t h ¢ h a

J)DLUQHVYV IRU UY$HRIN5 UL YoH Wouledperal the taxm credit fo
electric vehiclesOQOGkupeare nadtyo makere df mart w2 0t,o §$ 7,
impose an annual fee on alternative fuel vehicle
significant power from a source not subject to c
Truendkis bill wammirttfeeried both chambers.

Establish New Programs or Policies

$PHULFDQ &DUV $PHULFD® 5REVESFWWRU Isdt aecbl i sh a vol unt :
progaMHISA to encourage the purchase or lease of
States. T™Woagppogdem$3, S00sevouchfrsewop@uasehger v
any pypdwuced domestically and $4, 500 vouchers toc
plag electric drive vehicles. The vehicles must
least 45% UpS.orTtheirs Chinlald icsensmmir etf e ried b @t h ¢ hambe

&OHDQ &RUULGRWUWWW5SFW6RI Woul d eas t@arbdnts hprogram for
tribal, or local government authorities to 1insta

Fi xing America’s SuP.lIf 51494 Sktioat3port ati on Act (
6526 U.S.C. §30D.
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infrastructure al ong Tthhies Nbaitlilo nwaals Hriegfhewarye dS ytsot ecr
chambers.

/IHDGLQUDWWUXFWXUH WMRIPHRPARFWDUWERFAN Wo u lidr edct t he
Department of Energy to develop model building c
infrastd udcitruercet asnt ates to authorize utilities to
the deployment of electric vehicle charging equi
deployment of electricTkehibiebrlrcehda stgor acfo mmmiftrtaeset r
Hous e .

OHKLFOH ,QQRYDWKERE) $FOW RIWouldhemppeopriations thro
FY2024 to the Department of Energy for research,
commercial application of wvehicles and related t
This bill was refHdousad, tond opmlmd ¢ ¢ & con nt hdhheSenate

under General Orders (Calendar No. 186) .

=HURLVVLRQV 9HKLFOHW $FVW Rl Woulmike nad CAA to crecate a
natiomneanli szseiroons vehicle standemidsfbponsauvemnktbes
alell ectric vehicles, hydrogen fuel caddl osgshicles
by 2030 and.Rle0f0e% rbeyd 2t004 Oc o mmi t t ee 1in both chambe
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