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Abstract

In the face of the global transition awépm fossil fuels, the electricity grid faces many

challenges. The growth of renewable energy requires investment in new methods of matching
supply and demand with intermittent resources. Energy storage has become a leading

technology to meet this challgre. At the same time, electric vehicles takingtodi KS 62 NX RQa
roads, with 2 million plugn vehicles in cumulative sales this year. Once their automotive life is

completed, the batteries may still be useful for other purposes.

Used dectric vehicle bderies may be regurposed for grid electricity storageaeries from
different manufacturers andse history may be aggregatémoptimally draw on the locally
available supply aisedbatteries.Amixed battery arraxoncept iscreatedfor a new
implementation, along with a list of priority research topics. Five EV batteries are tested
according to PNN&uggestegrotocols, to determine their relative performancé.isfound that
EV batteriecan providegrid services including peak shaving and freqyeegulation.In deep
discharge constarpower cycling, energy capacities were within 10% of nominal rated values,
with DCenergy efficiency between 988%, at a 4 hour discharge rate. Wheareased to a 0.5
hour rate, energy capacigeducedto 50-70% ofnominal, and energy efficiencgducedto 85
95%. When providing frequency regulation services, all batteries reached an apparent limit near
a power bid factor equivalent to a 0Bour rate. Cooling performance was best witarallel

liquid cooling, therparallel forcedair cooling, then series liquid cooling, then passive cooling.
Liguid cooling vs. air cooling was not a strong indicator of cooling abdttyer series vs. parallel
configuration was the dominant factofhe conclusion drawn from testirigj that secondife
batteries are technically viable for-murposing A performanceankingwas created to assist in

selecting batteries to provide grid services.
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Chapterl Introduction

Used dectric vehicle batteries present an opportunftyr repurposing asminexpensivesupply
energy storage to the electric grid, tor use in managing the effects of nalispatchable
renewable resources. Before their implentation, their ability to provide relevant services
such as peak shaving and frequency regulation must be verifiecdreBeigrch creates a new
concepton how thesebatteries may bés YLX SYSY G SR Ay | ¢ & kyaRifeR

their performance wile providing suclservices.

Thisintroductiondiscusseshe background and motivations pertaining to the research. The
principalmotivation for the research is the successful transition 8% renewable electricity
grid to mitigate global warming.hisrequireslarge scale implementation of energy storate
compensate fothe variable nature of renewable energy sourddsedelectric vehicle batteries

canbe repurposedfor energy storagebut severaimportant questions need to be answered

1 How do therange ofEV batteries perform relative to each other?

1 Are they able to peratein a grid storage application, as they were designed for
automotive service

1 How would batteries from many brands and backgroundadggregate@

1 What operational constraints angresentwhen the batteries are useit grid servic@

Answeringhesefour questions is the goal of this project

1.1 Driving Factors: Global Warming and Renewable Energy

The recent signing of the Paris Accords establishes a global consensus on an avesghge glob
warming target of no more tha@°C above 20 centuryaverage globakemperatures[1]. The
signatory nations have agreed to take actions to limit their greenhouse gessiems to levels
required to remain within the ZC limit. For contextni 2015, global land temperatures reached
1.3°C above the 20century baseling2]. At most recent account, no indtrilized nation is on
track to meet their pledged emissions targets. These targets have besvatgatedconsidering
the most recent climactic models, and are now understood tatleast twice as high as
required to realistically meet the°€ target which itself is an uncertain limit for considering the
stability of the global climate3]. Christiana Figuerest al. have argued4] that there are 1325

years remainindor the world to eliminate fossil fuel emissions to maintain the target set by the

[N
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Paris AccordHectricity and heat productiorontributesto approximately42% of global
greenhouse emissions, the largest sector by emisdiginéccordinglymost nationsare

transitioningto alternativeenergy resourcessuch as wind, solar, and hydro.

Renewableslectricitygeneration has grown to account for 1,811 GW of capacity in 2015, or 28%
of global capacity oflectricity generatiort. Renewable kectricity produced approximately 5660
TWh in 2015, or 23% of global generatiorzor comparison, by total energy, they accounted for
18.3% of all energy production in 20[6}.

Considering the urgent timeline for elimination of greenhouse emissions, and the role of

electricity generation in emissions, a rapid rise in renewable electricity generation is a necessity.

1.1 ModernElectricityGrid and Challenges

1.1.1 Nondispathable, stochastic renewable energy
The primary modern forsof renewable energy generating resourees on and offshore
wind, solar photovoltaic, and hydropower, withe latter beingthe largest contributoat 17%

of total generation6].

One disadvantage of wirghdsolarpower generatioris that they arenon-dispatchable they
do not always supplwhen needed. Another disadvantage is that they stachastic making it

difficult to quantify o predict how much energy will be generated by a specific site.

This is because each depends on the environment, with solar power depending on the time of
yearand day latitude, and daily cloud coveandwind power depending on theveather,
seasonand time of day. These factors result in variation in generated or available power on

daily, seasonal, and yearly timescales.

Supplementatechnology is required tinsure a stable supply of electricityithin the

uncertainty of prediction and the variabilitf renewable generation

1.1.2 Matching asynchronous supply and demand
The primary requirement of the grid is the supply of as much power as demanded at any given
time, plus transmissioand distribution losses With high penetrations of renewable generation

available supply of solar and wind can exceed demand, requiring that they be curtailed.

YIncluding hydro generation



Conversely, during slack periods, or at night, demand will exceed renewable supply, requiring
the dispatch of coal, natural gas, or other dispatchable sources. Thediffi@ilty of the
modern grid will be the combination of many sources in such a way as to meet reliability

demands99.99% of the time, etd7]. This challengpresents itselin a few broad ways:

1 Predicting the resource available-gite, such that the grid operator has a realistic
estimate of the power to bgenerated at future times

9 Building a diverse supply of resources to maximize the independence of the energy
streams

1 Pasitioning stoed energylevels, including hydro reservoirs, fuel supplies, and states of
chargeto maximize their utility

9 Other methods of matching supply and demand, such as demand management and

time-of-use fees combined with smart appliances capableiafing themselves off.

Whilethe above list highlights the many paths towards grid reliabiligcobsof8], Pickard9],
Jewell[10], and Budischad 1] all implement energy storage technology as a means of
balancing the notispatchabd sourcesBudischalprovesenergy storage to be an integral part
of the cheapest grid composition by simulatidrhis justifiesocus onenergy storage

technology

1.2 Energy Storage as Solution

Energy storage @solution to thedynamicchallenges of a mode grid.Many different

technologies are availablérom flywheels tqgpumped hydroelectric storage, compressed air
energy storage, and batteriewith each technology having strengths and weaknesses. The tasks
that storage is expected to handle will bedlissed, followed by the size of the problejost

how much des the worldheed?

1.2.1 Provision of services

Energy storage technology is unified by a commporpose the needto move energy through
time. All types oknergystorage perform this fundamental opdran. Within this description
there are different specific services that can be provided. The services relevaig teskarch

are described belowFor more information, seg 2].

Renewalds Integration

Solar and wind power are subject to three scales of variation: macro, meso, and microscale.

3



1 Macro: Yeatto-year and seascto-season, average and peak wind and solar outputs
can rise and fall. Wind tends to peak in the winter, and solanensummer13].

Integrating renewable energy on this scale regsgaormous quantities o$torage
capacitywhich are not presently economicalnd is best handled by combining
resources tamaintain a good match between rising and falling generajtiai.

1 Meso: Dayto-day variation also exists, and can be seen inategad and houahead
prediction andelectricitymarkets[15]. This type of renewables integration requires
days to hours o$torage andcan be used as a bridge to withstand cloudy weeks or
sustained slow winds.

1 Micro: Secondo-second variation exists from clouds passing over solar panels, or gusts
of wind and other eddy behavior with wind turbines. This kind of renewable integration
can also be called firming, allowing the grid operator to act as though the generator is
ideally following the predicted behavior, rather tha@onstantly increasing and

decreasingThis service requireshagh-powerramp ratecapability[16].

Peak Shaving

Overthe day,electricitydemand rises and falls. As people wake up in the morning, lights come
on and coffee is brewediir cooling and heatinig turned on at the office. This leads to a
morning peakWhen people return home, stoves, televisioasdkettles are allarned on. This

is called theevening peakThe relativepower levels of these peaksry from placdo place, and
summer to winterleadingto a usage profile as beloiw Figurel. The highest electrical demand
in the year is usuly met by natural gas peaking planis.a zereemissions grid, this service may

be performed by energy storage

T 45
< —_— F
g 40 Jan eb
g 35 Mar Apr
; —
2 \%30 —May =—Jun
fj-fv 25 —Jul —Aug
[¢)]
= 20 —Sep = Oct
15
0 4 8 12 16 20 ——Nov ——Dec

Hour of Day

Figurel- California 1IS@veragedaily power consumptioby month[17]
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The salient characteristic of this profile is a single {iggnsity energy storagalischarge period
of variable width, andrariable power, followed later by a charge period during times of low

demand usually overnight

Peak shavig has the same duty cycle as demand charge reduction, which is forecasted to
[18,19] the first massmarket profitable service, and some companies are already selling
products to provide this servid@Q]. It is included itthis research because of this high value

yield.

Frequeng Regulation

Whenheavy machinery imirned on or off, it affects théoad and consequently thigequency of
the grid. Maintaining the frequency of the grid at a precise value is a key responsibility of the
grid operator, and so generators are traditioyaldbmmanded to increaser reducepower
supplied tothe grid tocompensate fofluctuations. Energy storage devicean alsdulfil this

service. An example of the duty cycle carfduendin Figure2.

Discharge

Unit Signal

Charge

4 8 12 16 20 24
Time of Day (h)

Figure2- Example fequency Regulatio@ycle
The frequency regulatioFR)duty cycletypicallyhas an averagpowervalue of zero, with high
instantaneous power calia both directions This lends itself to a technology with a low ege

capacity, but a lgh power capability



Frequencyegulation is commented on by NRER], PNNL16] and Sandia National Lafl] as
one of the presently profitable staralone services for energy storage to provide, and as such it

is included in this research.

Commonalities of Services
Despite the differences ithe wide variety of services that can be provided by storage, they can

be described in some common waysgure3 shows how services fall on a powamergy axis.

[N
LR T

-
Q

—_
o]

L Constant Cycling s
| | === Time-shifting (\Wind) | =
m— Time-shifting
m— Peak/alley Limit
H Load Following ._
[ we— Ramp Compensation
Slow Regulation
|| = Fast Regulation
Spinning Reserves
Non-Spinning Res.
1 Supplemental Res.
m— Black Start

[ ]

=
Q

Cycling Occurrence (Cycles / Year)

10

10 Sec 1 Min 10 Min 1Hr 6 Hrs 1 Day

Service Duration
Figure3- Grid Services Ragone Pl&iurce[22]
The most desirable capability would be both high energy anddhigation, and this is also the
most dfficult to achieve. Most servicdall along a spectrum of energy t@wer ratios, with
frequency regulation being furthest towards higbwer, lowenergy, and peak shaving being

the most highenergy, lowpower kind of service. Other, hybrid cycles such as renewables

integration fall in between these categories

Sorage tecnologies can also be described with a poweergy ratio, as seen Figure4.
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Figure4- Storage Technology Ragone P&durcd23]

Batterieshave two important characteristida this context: one purchases battery power and
energy simultaneoustyas these properties depend on the chemjsatndgeometryof the cell

and packand their capacity changes depending on ffeverrate onecycleshe battery at.

This means that batteries are purpebailt to fulfil someservice andare best used for that
purposein most cases. For example, a Tesla battery pamtisiized for peak powecapacity
and energy densitfor a high-performanceEV, where other batteries focus on cost and

efficiency Nonethelessa battery may be usable for other servgtlan they were originally

2 As opposed to ex. fuel cells and flow tesies, where energy and power capacity are purchased
separately



designed forDetermining the ability of batteries to pugheir operationalenvelopes and

providevaryingservices is we of the key research questions of this project.

1.2.2 Scope of lsallenge

In the case oPickard9] andBudischak11], 2-3 days of energy storage at average power are
recommendedPickard provideaneducated estimate, and Budisack performs simulations

optimizing forleasO2 att O2YoAyl GA2ya 2F NBySéglofS SySNBHe
demand. Normalizing Budischd@ad Sa dA Yl 0Sa F2NJ Foaz2fdziS &ad2NI 3.
power, approximately 3 days of average generation are required to be stored at a given time to

satisfy demand and accommodate wind lullse total installed storage capacity of the world as

of 2015 wasl616 GWD ¢ KS g2 N RQa | yydz t ,780/TSNJE 2O1EMR v & dzY LI
Averaged over the whole year, this would correspond to 18,800 GW of consumptistorés

days of energy at this average rate would require 1,353,699 GWh. thieusprld is0.1% of the

way towards this objective, assuming energy demand does not increase.

If only electrical energis of interest 23816 TWh of electricity were produced2016[25]. This
would translate to an average production of 2718 GW, which would require 195,696 GWh of
a02N)F 38 (2 aimhéBridi.8bf#ha Wy v@andEithisreducestope.

The cheapest technology to build gisdale energy storage is pumped hydro storage, on an
order of USH3.0/kWh[26]. The bulk opresentlyinstalled capacity comes from thischnology;
however,installation rates have fallen to the poifaw if anynew pumped hydro capacity has
been added in the last 7 years. Most sources attribute this to having already used all the best
sites for installation, pumped hydro havingesific geogaphic requirementand a lack of

interest in meganfrastructure projects.

By contrast,ivestment in lithiumion batteries has risen sharply, with hundreds of new projects
being pursued at the same time pumpégldro investment has fallefhis is due to
improvements in cost, energy density and efficiency, which are priorities for the burgeoning
electric vehicle market. Where hydropower is dependent upon local geography, |Hbium
batteries can be installed in any location quickly and effectiv@aynbinel with lowered cost,

high efficiency, and high volumetric energy capacity, utilities are investing heavily in battery

storage, with record size installations every ye&respite these improvements, the cost per

340 MWh in 2016, 125 MWh in 2017, proposed 400 MWh in 2018.
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kilowatt-hour is stillexpensive compared tpumped hydrdor bulk storageso finding a means
of bringing cost down is a high priority. For examplepueposed electric vehicle batteriesay

be an untapped source of cheap storage

1.3 Opportunity of Electric VehicBatteries
Electric vehicles haverlge, wellengineered batteries that may be-esable after their
automotive service life, and millions of electric vehicles have been sold, representing a large

potential pool of available storage.

1.3.1 Growingmarket
Electric vehicle sales have grown sharplthie pasts years. In 201&pproximately 1.2 million
battery electric vehicles and just over 2 milliphug-in hybrid and electric vehicles were

registered globallyperFigure5.
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Figure5- EV and PHESales and Projection

If the trend continues, by the end of 2017, approximately 2.1 million purely electric vehicles will

be confirmed on the road®er some sources, the rate of sales is accelerating even [2idte

Notable countries responsible for this trend include Norway, which has achieved 22% market

share of EVs, and China, which is purchasing 40% of EVs worl@&jde.

1.3.2 A brief portrait of the batteries
Electric vehicle batteriegary widelyin designs, from prismatic toylindricalformat, andair or

liquid thermal management andertical vs. horizontatell and moduldayouts. Battery voltage

9



is typcallyaround400 Vmaximumdue to common equipment convergence poingspecially

with fastcharging infrastructureCurrent peak values tend not to exce¢@D A (With the

notable exception of the Teskt 1500 A. Battery packdimensions are necessarilynited to the

OF Na &Al Sz dzadzZltfte FAGAOAYI Ay GKdtheflobrof a LI OS

the vehicle Tablel below shows someharacteristic®f EVbatteries.

Tablel- Summary ohighlightedEV batteries

Manufacturer Vehicle Format- Pack Nominal Rated Physical Thermal
Chemistry configuration Voltage Energy Dimensions ay 3 Q
(V) (kwh) (cm)

Panasonic Tesla Cylindrical 74P6S16S 366 85 296x196x10 Liquid
Model S LENCA

AESC Nissan  Prismatic 2P96S 365 24 157x119x26 Passive
Leaf LEIMO/NO

LG Chem Chevrolet  Prismatic  3P96S 360 16 178x100x40 Liquid
Volt NMGLMO

Figures and 7 show annual and cumulative EV sales in the UniteteStas an example market.
Figure8 shows the present market shao the RHEVPEV market in the USThe top three

models account fo63%of all EVs sold, in roughly equal measure.

4xPyS refers to the electrical layout of the battery, x referring to the cells in parallel, y to the cells in
series.
5 Plugin hybrid electric vehicle/plugn electric vehicle.
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1.3.3 Cost and Lifetime
As batteries are used, thaiischarge energy stoge capacitydegrades due to weaiT he rate of

this degradationis complex, and depends on several factors, including at [8€lst

The range of voltagand capacity used
The rate of chargeral discharge

The frequency of cycling

The temperature of the battery

The state of charge of the battery

o a0k~ wdhPR

The age of the battery

Because of thighe remaininguseful life and performancef a battery can be hard to

determine: how much usage a buyer hgiet from it depends on its usage patts.

At present, littleinformation is available on what capacity will remain at the end of the

automotive lifetime. Several estimates place the health of the battery from-80%of its
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original value at the end @&utomotive life assuming an automotive lifetime ranging froris

years

Because the electric vehicle battdsyused it no longer carries an attached price tag from the

manufacturer. Thughe following economic factors constrain the price of the batie

1 The buyer of the battery is unwilling to pay a price near that of a new battery in terms of
US$kWh. If the price of new batteries falls fast enough, it may not be worth purchasing

used. Seé&igure9 for the trend in EV battsr prices.
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Figure9- PHEV Battery Cost and Dens8gurceg31,32,33]

9 Costs of repurposing aracurredfor seconduse batteries that would not be for new
batteries. If the price of new batteries falls lower than this cost, it would make more
sense to purchaseew batteries

1 The shipping distance from theshicleto the repurposing locatiorincurs a cost. Thus,

batteries will be more likely to be drawn from local sources

NREL has suggested a poterstable price ofJS88-USH32kWh of usable capacitf19] as the

likely price of buying electric vehicle batteries in a used market. This compares with the present
priceof new lithiumion batteriesof US®75-USR00kWh [28], and the target cost of

USH.25/kWh by the US DOE vehicle technologies offidg
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NREL estimates fromapt and predicted sales of electric vehicles an availaddéulcapacity
from 32.3 GWh to 1 TWIB5]. Compared to the present volume of storage, 1.6 TWh, adding this

capacity would nearly ddale our global storage capacity at generous estimates

1.4 Research Objectige

Theframing objectiveof this research is the need to manage a growing fraction of renewable
energy using energy storage. Because energy storage itself is quite expensive, and the
magnitude required so large, pursuing means to reducing thisfoostulk storage is a priority
and it is the research objective to do so with loast used EV batteries repurposed for grid

energy storage

1.4.1 TheMixed Battery Array Concept

The repurposing aflectric vehicle batteries is a promising avenue for adding inexpensive
storage to the electricity grid. Existing pilot projects have weaknesses that a flexibleaéniyd
usage concept would overcomBecause thaales of electric vehicles adéstributed, local

energy storage system developemsist work with nearby supplies, which will include batteries

of many brands, ages, and environments. The services provided by the storage will most likely
include a form of peak shaving and frequency regulatitve. §cale required is large, so

collecting hundredsr thousandof batteries is requiredrather than single batteries at a time.
Tomanage this collectiorthey should be collected insingleindustrial center governed with

an advanced controlleihisconceptis developed inChapter3 and contrasted with the state of

the art given inChapter2. The examination of this concept leads to the next research objective;

1.4.2 Experimental Investigation

The eyerimental portion of this research will characterize and comparefdlie most popular
plugrin electric vehicle batteries by performing a series of standardized tests on each of them,
including coulombic and energy capacity characterization, and frequegcyation. Analysis

will focus on the relative performance of each battery, including its available energy capacity,
energy efficiency, thermal management, and peak FR provistia.is conducted i@hapter4

and Chapter5, with discussion given i@hapter6. The grounding for this objective is established

with Chapter2 and Chapter3, and is formalized isecton 3.6.
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Chapter2 LiteratureReview

Organizatiorsinvolved in the development akpurposedEV battery usagare from three
different domains: Industrial OEM#hird-party companies, and acadengovernmental
researtiers The proposedepurposing conceptlaveevolvedwith time, ranging from single
residentialpacks toreconfigured storage centers of hundredsuniiform batteries.The first
section will discuss the most prominent implementationsepurposed EV battergtorage,

and thestrengths and weaknesses of each approach. Then, the academic literature and
invesigations will be reviewed, with focus on what experimental data is available. Finally, the

gaps in thecontemporaryresearch will be discussed, and how that letdthisresearch thesis

The industriabroupsare investigated first to provide a context for what is being practically
implemented now and what thamplicit priorities are in the field ofepurposing EV batteries
The academic research will discugsat mightreadily be expected for thirgarty groups in

terms of economic viability and quantitative performance.

2.1 IndustrialProjects

This section discussing industrial projects is dividedtimcautomotiveOriginal Equipment
Manufacturers (OEMg)f vehiclesand tird-party corporations who are not automotive

companies, but work with automotive productbhe firstparty users are all noted to make use

of in~vehicle performance tracking of the battery, and are assumed to have more information on
0 KS & 02 NNd&adéters ofitie lbalt&y, so the projects they undertake may provide ideas
of how to organize and operate, and the scale of the projects indicates tifedeace that
OEMghave in their analysis and understanding of their equipm@&tirdparty operatorsare

more limited in access to data, so their projects indicate the ability of the field to accept,

repurpose, ansperateEV batteries.

2.1.1 FirstParty/OEM

Nissan

Nissan, in cooperation with Green Charge Netw{8&s 37] and Eator{37], began in 201ilot
projectscale testing rausingNissan_eafEV batteries for seconlife energy storageas ¢ 2016
Green Charge Networks advertigesidentialand enterprise versions of their products for US
markets, and Eaton is advertisirggidentialversion for the UK. Each of the twesidential

versions use onbattery from aNissan_eaf(Approximately 8 kWh from the 2016 model year
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The enterprise versiohasseparateda pack intanodules andacked them in cabinets.

Approximately ten leaf batteries may have been used in itstcoction, accumulating 300 kwh.

Nissan has also partnered with Renaultddarhe Mobility House in Germany to test a 100 MW
grid scalébattery project using seconlife batteries, announced June 20[38]. A previous
project by Nissan in Japan, working with the 8amo group, created a 600 kW/400 kwh
battery energy storage system made from 16 sectifed_eafbatteries at a solar poweaglant,
announcedrebruary2014[39], to demonstrate PV smoothinservicesGiven the much larger

Renault project, it can be inferred that the results were positive.

General Motors

General Motorsn 2017commissioneda local energy storage facility for their Milford Proving
Ground in the United States to integrate then-site solar and wind turbines in Jugé17.
Created with BChevroletVolt batteries, it is estimated to provide approximately 80 kwh of
storage capacitj4Q]. It is intended ® supply energy to their datacenter esite, likely serving as

UPS backup, as well as possibly optimizing the usage of renewables onsite.

General Motorss alsopartnering with Duke Energy and ABB to pil@@nmunity Energy
Storagedevice[41], meant to be placed near the end of distribution networks and supply power
to a small nagthborhood as a roadside device. This follows the same construction as their
Milford Proving Grounddevice butisintended to provide different services: baak power,

peak management, renewables integration and a few reliaHilétged grid servicefn 2013,

they demonstrated a 25 kW/50 kWh prototype.

BMW

BMW has constructed 2 MW/2.8 MWhenergy storage facilitniHamburg, Germany,
announced October 201@2]. It is made of over 100 battery packs fr@MW ivehicles.
Constructed in cooperation with Bosch, the facility is designed to provide at&nortpower
buffer for EV charging stations, as well as optimigiegpower output of a nearby solgdant.
The plant is designed as a fully complete turnkey solution, with no expected swapping of
batteries for its lifetimeThis is significant as the concepbposed in this thesis Chapter3is

of a similarsize butuses a very different design philosophy.
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Toyota

Toyota has installedre85 kWhenergy storage facility at Lamar Buffalo Ranch in Yellowstone
National Park in May 2, using repurpose@amryHEWatteries [43]. The facility is totally
off-grid, enabling the ranch to power itself entirely with a 40 kW PV array.

This project is different fromothers mentioned on its scale for having slots for each battery
made to fit the original battery in its case, intending to replace each battery pack as ifTaiges.
simplifies the installation process, but more importantly, it keeps th#Nicells from
expandingand contractingas they cycle by keeping the original case. The creators did make an
alteration to the wiring of the original pack by making the cells link in parallel instead of in

series, requiring the case to be opened and a busbar replaced.

Daimler

Daimler AG is partnering with ACCUMOTIVE, The Mobility House, and GETEC to provide a 13
MWh storage facility on the German energy market, composed of 1000 sdiferhtteries

from Smart Fortwo cars[44]. Thefacility is in Lunen, Westphali&ermanyThey intend to
participate directly with the market as an independent operator, instead of operating behind
the meter of another busines3hey will market their output capacityndhe weekly market,
recharging automatically from renewable energy as it becomes available. This project is thus
notable for being an order of magnitude larger than the Rlexgest competitor, but also for
participating directly in the energy market iestd of providing some form of secondary service.
Thisinstallationis similarto the mixed battery array concepff this thesigresented in

Chapter3.

Tesla

Tesla Motors announced thdimterest insecondlife usage of batteds for grid energy storage,
but later reversed their positiod5]. The given reason was their doubts about the remaining
capacityafter its automotive life, and the difficulty of qualigpntrol checking of every cell in a

refurbished pack.

81t is worth noting that theCamryis not a plugin hybrid like theVolt, but instead recharges from the
gasoline motor. These vehicles have batteries which are quite small, and not suited to deep discharge
cycles.
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2.1.2 ThirdPartyCorporations and Businesses using Repurposed EV Batteries
Relectrify

Relectrify is @reating battery packs for domestic marketade from secondife EV batteries

[46]. Their valueadded contribution to the operation is in more advanced controllers that can
selectively draw from individual cells. As the pack ages, individual cells may lose capacity at
different rates Traditional wiring methods would dictate that once theakestcell hasbeen
dischargedthe packmust ceasalischarging. Their method allows the lowest cells to be
temporarily removed from the circuit, and discharge continues at a lower voltage, hiatil t
whole pack is evenly discharged. Their product appears to be approximately the same capacity
as aNissarLeafunit andis made from recofiguredbattery packs. The brand of battery they are
using isnot specified The company has not developed a prodimtmarket as of writing, but

from the promotional material it is designed to be used on small scales, either residentially or

for light commercial usage.

Spiers New Technologies

Spers New Technology resells secdifid battery packs for general purposi]. The packs are
made from reconfigured EV ttaries, and the primary valuadded service thathey provide is
the ability to take used batteries and quickysesscharaterize, and remanufacture them into
new configurations. The cycling algorithm they use has machine ledyaimayior that allows
them to identify the performance capabilities of the pack in less tinatbtherwise would be

required.

FreeWire Tech

FreeWie Tech is using batteries repurposed from Spiers New Technologies to manufacture a

rolling storage appliance for two purposes: Mobile EV charging, armsit@power storage

intended to replace conventional portable generatf48]. Thesystemhas 48 kWh of storage,

YR GKS LRNIFo6fS 9+ OKFENESNI Ada RSaA3aIySR (2 aid2
modules have similar sizes, and thus likely similar capacities. The brhatesfes in use are

not specified.

eCamion
eCamion is an energy storage provider which produced Community Energy Storage (CES) units
from repurposed EV batteries. The CES weremadnted 250 kWh/500 kW units,

approximately the size of a large roadsidansformer. They were designed to be located at the
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end of distribution trunks to provide local energy servisash as energy efficiency, tie of use,

demand management, renewables integration and electric vehicle charig [

2.2 Academiand Research Ld&rojects
Academic research divided hereinto: TechneEconomi¢and Experimental. This is partially to
reflect the split in the publications, and partly to emphasize the expental nature of this

project.

There are many highuality techneeconomic assssment papers, and many draw different
intermediateconclusionsvith different assumptions, but all suggest there is room for a
profitable repurposeof usedelectric vehicle batteries, albeit in rather constrained
circumstancesBecause of the many paperand because the focus of this project is not on

economics or lifetime analysisnly leadingpapers will be reviewed.

Experimentsn repurposedbattery performance are less common, and when results are
published, they frequently do not include enouglfioimmation to replicate the results, or even

the brand of battery.

2.2.1 TechnoEconomidnalysis

Oak Ridge National Laboratory, USA

tKAAd SO2y2YAO lylfeéaAia adzli2 NBeoferork jebde f I G SNI T
batteries[50]. It concludes the profitable areas for EVs are in regulation, T&D upgrade deferral,

and power quality. They operated with an assumed aftermarket lifetimeld $ears. They

target the selling price of uskbatteries betweerlJSF¥5-USR20/kWh. Their third

recommendation was t&alidate assumptions, benefits, and feasibility through

comprehensive testing of secondanyse batteries on the gril ~ LUNI m@thematical

modeling will be quite helpful in trdecsionrmakingprocess, the impact of experimental data

summarizing the performance and residual battery life in a given grid application will be

invaluable

National RenewableEnergylaboratory, USA

John Neubaueet al. perform an indepth analysis of the vious costs and profits available to
secondlife batteries intheir economic overviewWl9]. As a primaryinding, they conclude
secondlife batteries can be profitable in commercial andusttial applications with a-10 year

payback. The potential conditions are quite limited, with most examined scenarios not turning a
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profit. According to the sensitivity analysis, repurposeadtery prices will have to fall within the
range ofUS88-USH 32/kWh.

The most significant servicase frequency regulation, voltage support and backup/black start.
The most available services of peak shaving and demand charge reduction cannot pay back the

investmentdue to insufficient energy arbitrage price differtéal.

The analysis assumed a@artotal lifetime of the battery before calendar effects force it out
of service, with 15 years in the automotive service. Most auto manufacturers are suggesting
longer lifetime, with more capacity fagden the order o20+ years of life, ending with 3%

capacity fadeand this would significantly change the payback calculations.

Anotherpaper[51] makes use of the BLASTsimulation tool to predidbattery lifetimes using a
combination of simplified physics models and large empirical datasets. Using the results of the

simulation, Neubauer makes several important predictions:

1 Repurposed atteries can last more than 10 yeansthe new applicationdepending on
the service (e.g., peak shaving, or daily cyclibg) are expected to last from-#0 years.

1 The majority of batteries should only be expected to become available at the end of a
15year automotive service life

9 Driver patterns and climate havke largest effect on battery degradation

9 After 25 years of life, performance losses will range f&75%capacity remaining

1 Keeping batteries codk the most significant controllable factor in extending lifetime

b S dzo I dzS NX docuFes gfitlehtifyicgiednost difficult problems in the mass usage of
repurposed EV batteries, and how to make best use of thiém.most promising application
identified in this publicatiof35] is the eplacement of natural gas peaking plants with bulk
energy storage. This is attributed to the high price of energy during peak hours, and the
relatively benign duty cycle (<1h discharge). Interested parties should focus their efforts on
developing megawatscale installations that minimize integration, balarafesystem, and
installation costs. The systems should monitor the health of the batteries to enable timely

replacement.
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The market share of the most profitable servicksdquency regulation, etc) isxpected to be
half the size of the available supply of batteries, therefore investment should be made in

openingthe largest markets for service (Demand charge reduction, energy arbitrage).

It is worth noting that the sensitivity analysis showed that nmexstnarios were not profitable
with storagefunctioning as peaker plants. Thus, the economic case will need to be developed

further, consideringcarbon taxes or other policy effects.

California Energy Commissi@fSA

Williamsand Lipman find that secoAde usage of electric vehicle batteries could reduce the
cost of leasing an EV by22%, depending on various assumpti¢b2], by adding value to the

car at the end of life, which would alt a leaser to reduce their rate§he application used was
residential energy storage providing distributed grid storage servicesador services were
examinedand priced. Of the list, regulation was determined to be the most profitable, and
stackingof services was extended to include energy timeshifting, T&D deferral, demand charge
management, etc. Brett highlights the significance of variability in pricing of services, and the
uncertainties of analysisyith a focus on the following factors: The tedbility to capture

multiple services, the value of performing power conditioning services like area regulation, and

more accurate capacity decay models.

Sandiad\ational Laboratories

Sandia National Laboratoriéasone of the earliest mentioned source§@model and cost
estimate for receiving, breakdown and repackaging of electric vehicle batteries at a centralized
distribution center, akin t@piers New Technologid]. At the time, the dominant chemistry

was NiMH, and L-lon was only one promising chemistry. This report is mentioned for historical
interest, and its apparent influence in the direction of investigation of research to fpllow
suggesting centralized repurpimg plants where batteries are stripped down to cells, assembly
line style, and rebuilt into wholly new assembli&he proposed concept i@hapter3 differs

greatly from this suggested technique.

Others
Waterloo University, &hada
Ahmadi et alconcludeby modeling the decay behavior and usage scenarios of electric vehicle

batteries[53] that batteries will enter service @0% of original capacityalidating he general
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assumptions of the secoride market and lose a further 15% ov&®0 years of second

life usage.

Aston University, U.K.

Strickland54] receives 2 Hondlsightbatteries andmeasures their capacities on arrival,

finding them to be at approximateB0% of original capacity, holding with the general targets of
end-of-vehicle capacity. They further use a simulation of capacity decay as a function of service
performed to conclud¢hat the useful second life is fromI® years, depending dmistorical

usage.

2.2.2 ExperimentaProjects

University of CalifornjdJSA

The University of Californidavis, established a microgtil simulate a localvinery
implementing solaand storage from 20lissarnLeaf packs.The packs were disassembled and
recompiled into rackmounted storage. No experimental data is available from the projeue.

estimated performancevould store 50% of daily summer overproduction of electricity.

Tong et alat the Univesity of CalifornieDavisconfirmed the basic ability of a battery pack
composed of used cells to fulfil basic grid serv[6&% Tong used 2x172 Thundersky battery
packsseparatedand reconfigued intoan 8.35 kWh battery pack. The cells had suffered a wide
range of capacity decay fro0-90% of rated capacitylhe battery bank was used to optimize
the operation of a roemounted solampanel located orsite. Tong concluded that the
repurposedbatteries could reasonably hienplementedin certain environments to profitaly
increase theeffectivecapacity factoof the solampanel.Caution should b&éakenwith this work

in modern applicationdn that ther batterieswere not from any of the major mdernelectric
vehicles, and that the individual cells were of widely varying leftover capacity, limiting the

relevance of their research with modern batteries and modern standards of quality control.

ElectrovayaManitoba HVDOCanada

TheManitoba HVDC search center published preliminary performance results on repurposed
batteries[56]. Electrovaya providefive Lilon batteries from EVs which were independently
converted to a higlbC volage commorbus andinked to a grietied 600 VAConverter. This

was combined with a small diesel generator quuaver cyclemallowing for simulationgf an
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arbitrary grid This was used to perform simulations for island microgrids, with the intention of

reducing diesel consumption.

The energy efficiency of the batteriesd inverterwas betweer60-90%, and usable capacity
was approximately 80% of OEM stated specificatidhg. absolute capacity is unknown, as is

the modelof battery.

SandiaNational Laboraories, USA

Sandia National Labs performed a demonstration uBugyepurposed electric vehicle

batteries, intended to supply-2 homeg57]. The estimated capacity of the tesfas

approximatdy 80 kwh, fronrepurposedChevroleWolt batteries. Three experiments were
performed, each showing the fulfiiment of a servitead flattening for T&D deferral, solar
integration, and islanding/Vhen operating to reduce peak power consumption, the peak w
reduced by approximately 50%. The system served as a UPS backup, providing power to the
home in the event of a simulated outagihe batteries firmed the predicted forecast of a reof

mounted solar panel in the same building.

The study did not quantifyhie performance of the batteries against a known metric, and only
one type of battery was used. This study therefore serves to justify the supposition that EV

batteries may be rgurposed for new functions.

IK4Ikerlan, Spain

MartinezLaserna et alperformed celllevel testingof EV batteries in two applications, with

periodic cycles to check the health of the ¢B8]. MartinezLasernaloes not specify the brand

of battery that the céls were drawn from. The services simulated were residential PV demand
response and gridcale PV smoothin@ne month of both services weperformed, following
simulated usage profilesvith the residential service being scaled up by a factor of 4 to

acelerate aging. The montlong cycles were repeated until cells became unsafe or unusable.
Periodic capacity and impedance testing was performed, generating alifgaependent

secondlife capacity decay curve, from experimentation, which is a rare fsgat@. Martinez
Lasernaonduded that: 1.) Cells with large internal DC resistance were unlikely to survive usage,
HOO ¢KS OSftfta aK2gSR |y al3Aay3da 1ySSés || 02y OSL
to the length of testing required, 3.) Baties entering their secontife usage with capacities at

or below 7080% are unfeasible from a technoeconomic perspective.
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MartinezLasernauses new cells that have beércibly aged, rather than cells that have come
from EV serviceThe source of theicells may have beecompromised, or that the cells were
driven beyond manufacturer specifications, because many of their cells (3 out of 8) suffered
catastrophic failures rather than gradual decay, once entering the period of testing designated
Fa o {fS0? Y RptheCazblisisnDMNah aging kneenot wellgroundedbecause 1.) no
standard criterion of a knee was established in advance, leading individual cell capacities to be
judged as having a knee on subjective grounds, 2.) no trendlines weraidwen the capacity
decay curves to demonstrate a sharp change reflective of a knee rather than an exponential
decay, and 3.) not all cells tested of their set of 8 demonstrate a sudden change in rate of

decline at any point in their testing.

MartinezLasernaalso does not show any absolute measurements of capacity, nor of coulombic
or energy efficiencyThe success at following the power signal is not qualifiedigtbe

throughput.

2.3 Summary

2.3.1 Limitationsin literature

Industrial

The original equipment nraufacturers maintain sensible limits on the publisimzkrational
parameters for electric vehicle batteri¢s.g., voltage and current limits, coolant temperatures,
fusing, charge/discharge asymmetry, etd}hile this is understandable, it means that third
party operators need to make informeathoices based on engineering judgement, rather than
making use of the original manufacturer specificatiohs manufacturers so far have been
separatingheir batteries intogranularcomponents, and reassembling thénio a new pak
configuration. This includdhird-party manufacturersUsing the origingbackconfiguration

would save time and money.

Most OEMs and thirgharty developers are also focusing on sksakle applications, Daimler
and Nissarbeing the notabe exceptios. This means there @pportunity for investigation into

using many hundreds of EV packs in synchatriiie grid level

Academiand National Laboratories
There exist several higiuality, indepth techneeconomic analyses, and dozens moreaim

papers which address small subsets, but they share a key weakness: Sensitivity to economic
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simulation parameters. In short, the outcome of the economic payback depends on several
numbers which are highly variable, uncertain or indeterminate, and ltkethange soon, and

very dependent on local factors: the fees available for performing services, the price of new and
secondlife batteries, the capacity remaining upon transition to sectifelservice, and the

lifetime throughput of a battery. Small deions in these numbers can dramatically alter the
profitability of the proposedconcept The addition of a carbon tax would also dramatically

change the economic viability of using secséihel batteries.

This is especially problematic because most ofebenomic papersonclude that batteries may
be technically viable or promising, but the margins are very slim, and most simulated scenarios
do not turn out a profit. For thithesis it serves as a reminder that driving down cost wherever

possible igriticalfor success.

The experimental papers and presentations released so far have been very brief. Where
information is available, it does not follow a replicable standard, and in no case have different

brands of batteles been compared sidey-side.

2.3.2 Limitaionsin existing pilot projects
Theexisting pilot projects and companiage re-using electric vehicle batteries. Most of them
are targeting domestic markets or smatlale commercial/infrastructure storage, witklD

batteries per installation.
The curent usesare unsatisfactory for the following reasons:

1 Domestic markets do not usually have access to demand charge reduction, a key
revenue stream for energy storage.

f Applicationsl K I i R 2d¢d@dted ke¢h@ans aromprehensivdire protection
sysems are at greater risk of fire hazard, which is already a hazard with Iiioiim
batteries, moreso if they are used, and coming from unknown backgrounds and usage
conditions.

9 Electric vehicles in circulation will be heterogeneously dispersed, and aodigeicks of
only one type is made harder by their geographic dispersion, rather than collecting all
pack types available locally (Shipping can account for up to half of refurbishing costs, per
[500).
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1 Used batteries are at greater risk of sudden failure due to contact faults or other small,
critical errors. A system which cannot quickly and easily replace batteries as they fail is
not wellpositioned for providing reliable service.

T Usingonly one type of battery will prevent the system from taking advantage of the
relative strengths of different sizes, configurations, and chemistries of the variety of EV
battery packsin addition, even the same brand of battery pack will evolve over,time
changing its capacity, communications code, and layout.

9 Allindustrial projects under discussion, OEMs and third partyseparatingheir
battery packs and reconfiguring theimto new packs. This represents a large
investment of money and time into sp work, when most economic analyses do not

suggest there is wiggle room for these expenditures.

2.3.3 Selection of research direction

The Concept

The concepproposedin this thesidsin response to the existing projects not optimally using
repurposedbatteries.ldeally, a design shoulthpitalize orthe strengths of used batteries being

a cheap source of storage while sidestepping or avoiding their weaknesses of unreliability and
uncertainty. Most existing projects attempt tnanageit by exerting greater quay control,

rather than allowing the variances to be averaged entmassAnd a larger storage plant is
needed simply due to the scope of transitioning the electricity grid. Daiamdr

Nissamarethe onlyOEMstesting al0+ MWhscalesystem. Tie Daimér project is making use of
onlytheir own batteries, which are from a car which has not sold nearly as well as its

competitors ands constrained as such. Therefore, a new concept should be conceived.

TheExperiments

Thetechnoeconomiavork performed by IREL and others clearly indicates that the possible
success of secodife systemadepends orseveralfactors. The price and lifetime of the batteries
is the mostsignificant butis also out othe sphere of influence of thirgarty operators The
experimenal work which is available is not comprehensive, not comparative, and not
standardized and easily replicable. For thpaty operators, critical information is missing, that
being a description of how the most popukectric vehicle packserform, espeially in
comparison to each other, and how to automatically generate a performance profile of any

given battery Thus thisresearch thesifocuses on doing comparative performance testing of
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the most popular batteries while following a standard methodahhis fully detailed and

replicable.
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Chapter3 Mixed BatteryArrayConcept

The concept proposed in this sectiortdscollectand aggregatéundreds to thousands afsed
electric vehicle batteriem a dedicatedvarehouse andise them in large numbers to offer a
range of electricity grid services like peak shaving and frequency reguldiidike existing
projects, itallowsfor and encouraggethe use of batteries from differefirands andccan handle
batteries of differentstates of healthThe usage of batteriest this scalemitigates some othe
inherent risks otised and repurposebatteries: the possibility of thermal events, the mixed lot
of batteries available to a local operator, the high level of skill requiresesand adaptused
batteries andouffering the possibility of individual failures and variation with many uiitss
could range from cell failures in individual cells to design faults affecting an entire model of
battery. In such a case, the extraction and replacemeiat falulty battery modulés a simple

and quickprocedure.

A new control strategy is required to identify characteristics of essd E\battery, select the
most appropriate batteries for each electricity service, and predict and compensate for

degrading performance of batteries they are further used

Manufacturers of electric vehie haveadvantages when rasing their own batteries: they

have a wealth of data from the operation of the vehicle to correctly identify the health of the
battery, they know the original specificatis in detailand they know theprotocolsfor
communicating with the originddattery management system (BM&pr thirdparty operators,
the converse of each of these points holds. Because the OEM has sufficient information and
expertise and their scopés restricted to only ifhouse batteriesthis research is directed
towards thid party integrators/aggregatorsho wish to operate a mixed battearray and

must do so from a position afncertainty.

3.1 Description of Electri¢ehicleBatteries

In this resarch, modern electric vehicle batteries can be assumed to have some common

features. Most batteries have a common bulk geziry, similar to that shown ifigurel0.
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FigurelO- Lishen EX.FPbattery as @ example of flapack layout1.14 m by 1.92 m by 24 cm.

This is called the@ C L} N & Cf esiga This d@gigh is made to fit in between the
wheel wells and under the seats of a modern sedan car. There are exceptions, such as the
ChevroletVolt, which has a-$hape, but fits within the same envelope. Notably, its successor
car, theChevroletBolt, does use th#lat-packshape. All packs havebattery-management
system from the manufacturer, which taps every getlupfor voltage measurems. Allhave
thermistors for temperature measurement, as a safety requiremeach has a packing case
which protectsand, in some casesarries coolant lineslable2 summarizes thenost common,

hence the most availabl&V pack on the market
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Table2- Description of Popular EV Batteries

Nissan Leaf A battery for amid-sizepassengecar. Multipurposepassivecooling, no
clear strengths or weaknesses.

Chevrolet Volt  Plugin-Hybrid compact cadesigned ér short, high intensity use in city
driving Smaller battery capacity than a full EV, but well adapted for
thermal managementComplex internal layout with many contact faces,
liquid sealsLiquidcooled.

Panasonic Tesl Large higkperformance sedan degied for high quality and loaginge
driving.EV battery designed for fastest charging, high peak power outpi
Uses 74 cells in parallel, far more than other brands, corresponding to |

peak current. Liquid cooled.

3.2 Basid.ayout
3.2.1 Racks and Stagl&aysand Trays

The mixed battery array is intended for ggdalestorage provision. To achieve this, hundreds to
thousands of batteries must be mounted within a limited footprint. Rack mounting akin to
server racks are suggested for this, adapted to the sideraquirements of electric vehicle
batteries.Figuresll, 12, and13 sketch the general appearance and layout of the mixed battery
array.Figurell shows and example floor plan, including receiving bay and rack mounting. The
two cooling methods are displayed sitig-side.Figurel2 shows a side view of an example rack,
with the various bays highlighting a sinfgature at a timeFigurel3 shows a detailed view of a

single bay, showing the battery, BMS and main power connections.
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Each battery can be assumamifit within a certairbay sizé and has common requirements of
DCpower connection, BMS communicatipand thermal conditioningoolant taps When the
battery reaches enaf-life, it will need to be replaced rapidly. Therefore, each bay will hold a
tray with sufficient space to hold a battery of the maximum nominal envelope, which can be

forklifted in wthout adaptations or fasteners.

Each bay will have standard connectors for electrical and cooling conngfet@ting in from
the front, where the battery contacts will be locatelach bay will also have fire and electrical
isolation from the others, sucthat in the event of a fire the warehouse will not be

compromised.

3.2.2 Environment

Automotive applications are one of the most difficult environments in which storage operates. It
has wide ranging temperature3Q to +45 °C), is subject to vibration and meathbal abuse, can

be used apeak power ljard acceleratioly and can sit idle for months (e.g. driver on vacation).
NREI51] statesthat charging temperature is a crucial factor in thealth of the battery,

causing liétime variability of up to 15%. By contrast, the MBA plant would have climate control,

maintaining a tight temprature band on the optimal temperature, typically 2D

To maintain optimal temperatureshe batteries would b kept in a climateontrolled
warehouse One large cooling plant can feed cold air into the ventilatigstem ancthill the
thermal conditioning loopkor aircooled batteries, fans would drive air through the stacks,
keeping the casings coobHiquid-cooled batteriesa system of coolant linesrculates a chilled
fluid to keep the batteries at an optimal temperature, with valves allowing flow into each

battery as needed from the loop.

Vibrations will not be an isstia the plant,apart fromearthquakesafety, which is outside the

scope of this research.

3.2.3 Power Architecture
To exchange power between the battery pa¢R€)and the electricity gridAC) a converter
system must be used. The battery packs nomynahge in voltage from 150 &0 VDC For

example hybrid vehicles such as the Honda Insighthernew model Prius operates atthe low

"Ex: 1m by 2 m by 0.5 m, large enough to fit all urftter model batteries.
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end of this rangenominal electric vehicles for consumer markets such as the Leaf or Bolt
operate between 35@00 V, and commercial or performance vehiclelsas the Porsche

Mission E operate at the top of the range.

The facility will likely connect ta collectof distributor orhave an internal line which serves the
same purposewhich ranges fromd to 36kV ACwhich is stepped up to 6800 kV at a
substatbn. Because each pack may have a different DC voltagile DC rangeonverter is
required to transition from the pack to theommonbus voltage. Further, because of the wide
range of power capacities in the packs, modular converteeppfoximately50 kW perunit

that can be connected in parallate used rather than keeping a stock of differently sized

converters.n this way, low power and high power packs can be joined to a common bus

The common bus can be AC or DC power in different architectyriysal transformer is

required to raise the voltage twansmission level.

Distributed DC/AC conversion to a common AC collector system is suggested as a model
hierarchy because it has isolation and can draw on the technological maturity of the solar and
wind converter markets, and because AC bus components are more readily av&baigple

power architectures for DC and AC collectors are shown in Figjd@asd 15.
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3.2.4 Qualified €chnician

Receiving a battery will be done in a shop section of the warehouse. A basic inspection will be
peNJF 2 N SR (2 A R Syghéral goaditionKASwide arrayioSobisBilidesissues may be
present in a used battery pack, and it is unlikely ttlaar and comprehensive documentation

and history of the battery pack will be availablde pack may have bad cells, faulty sensors,
corroded contacts, blown fuses, or collision damage, among other possible proflearsfore,
having a technician dedicad to the warehouse whose responsibilitieseiving andissessing

of batteries, basic repdirand battery installatioshould improve the operational efficiency of

the array
The basic procedure before installation is:

1. Identify the pack by original maradturer and model, and reference nominal values of
voltage(V), capacity(Ah), masgkg) cell count and configuratiofxPyS)

2. Applya bar code or tagp accompanyand uniquely identify thdattery.

3. Perform a visual inspection, check for physical damagégalge, for odors of leaking
electrolyte, burned plastic, etc.

4. Testeach cell groufor opentcircuitvoltage and internal resistance. Analysis of data will
help identifynon-uniform cellsand these can potentially be removed or electrically
isolatedby means of jumpers

5. Remove existing BMSee3.3.1) andreplace with a single standaBMSusing

conversion connectors

The pack can then be installeg forkliftin a bay, connected to a converter(gpolant lines and
the master ontroller. Subsequently, the master controller characterizes the battery with
baseline performance tests, and places it in operateesection4.3for details of how to

characterize a new battery in the controls system.

8E.g., jumping bad cells so as to remove them from the electric circuit.
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3.3 Detals of Layout

3.3.1 Battery ManagementSystem
Every lithiumion battery requiresa Battery Management System (BMS), responsible for
monitoring and evaluatingellgroupvoltagesfor safety,balancing the voltages of individual

cells so they are evenly chargehd commanding a safety shutdown in unexpected situations

When adapting the pack farse with a master controller, there are twattery management

alternatives:

The frst alternativels to use the native BM& each pack and version, and track chanmges
assiduously. This provides the best protection and operation of the battery as the BMS was
designed specifically for the battery pack. However, the original BMS systesumaily

proprietary, and mayprohibit certain battery operations which are possilih grid storage

service butare not common in EV servidéach manufacturer and possibly each new generation
of eachbattery has its own system of messages in OBRZANBUSformat. It is critical to

know these messages precisely, as they carry alidlawant pack safety information.
Unfortunately, the messages are proprietary, and may change without notice. Therafore,
dictionaryof the messages must be supplied by the OENtther, the messages may not even
carryallthe required information for tle control system of the plant. While the technician could
keep the message database updated, the overall systdikelgto changeabruptly and create a
safety riskIn addition, if faulty cells are bypassed, the BMS waultiediatelyenter an error
statedue to a missing cell reading. At low capacity, the BMS may attempt to prevent the pack
from operating athis reduced capacity due to builb limitations set by the OEM, which may be

above the working capacity for grid operation valugserefore this alternative is nobptimal.

The second alternative to removeand replacehe original BMS with a flexible custom model that
is uniformly used foall battery packs in the planUpon receipt of the pack, the connections
between the pack and the originBMS would be severed, and a new custom BMS adapted. In
doing so, the new BMS could operate on the same communication language as the facilities
distributed converters, and report back to a central controlledapting the existig wiring

harness may be d& by:

90BD2,forOn 2 NR S5AlF3dy2aidA0azr A& GKS AYyOdSNYyFt 02YYdzyA Ol i
/1 bodzA>X F2NI /2y 0iNRBfEtSNI ! NBI bSig2N] A& | O2YYz2y O2
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1. CQeating a custonfabricatedconnectoradaptor to convert between a specific brand of
battery and the standard BMS connector
2. By clipping each sense wire individually into a prempiggcing contact

3. By snapping a penetrating contactor onto the wire
C2NJH YR o0oX (GKS dzal 3S 2F f1 02N g2 dA5R. y2 i

For some models, this is the only option, as there is no plastic connector, such aslie T
where that cell tap wires are soldered directly to the onboard BMf&. additional cost of labor
and custom BMS must be accounted for when estintathe profitability of a pack. The BMS
can be reused for successive packs, saving on cost when hastere replacedJsing a
secondary BM@iill incidentallyrequire wiring for power to be supplied to the BMS itself, in the
event that it cannot be powered from the battery directljhe consistency, reliability, and
uniformity of implementing a common BMiRely outweighs the cost savings of-using the

OEM BMS.

Pinout Adaptors

If a standard replacement BMSused, an adaptor may be developed specific tohitery
model, to convert between the pinout of the tiary and the pinout of the BMSachbattery
model has a different pinouiSeeFigurel6), and hence a stock of many bmwould need to

be maintained.
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Figurel6- BMS connectorsf a) Volt, b) Tesh, c) Leaf andd) customlab configuration Tesla BMS board shown with
severed connections, and OEM wires with new connederi does not have a insertable connector

No matter which alternative is used, a communications network must exist to report back and
forth between theplant, master controllerBMS, and converters. A CANBUS area network may

be feasibleor an alternative communications protoowmiay be used

3.3.2 Temperature Measurement

The temperature of the battery is a critiaakasurement for safetyAll packs have a metbmf
measuring this with bilt-in sensordhioweverthe precise sensanodel may not be known.
Further, since most of the sensors are inside the paskial inspectiomay be difficult or
impossible. Despite this, using these sensors is a good option wissibje, because the
sensors are ideally placed ahifjh quality To make use of existirtgermistors a voltage must

be supplied by the samgectrical connection network, and a measurement must be taken.
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The temperature sensors that come pmeade with the pack may be supplemented or replaced

with external sensorssuch as a thermocouple.

3.3.3 ThermalRequirements

The plant must have a dedicated cooling system, at minimum for the whole warehouse, to
counteract the heatlissipatedduring battery cyclingThe coting system will also be
responsible for removing heat from the dedicated liquid cooling linespecific batteries

Specificon cooling the battery depend on whatethod of cooling is usegbassiveair or liquid

Passivelgooled

Passively cooled packls not have a builn forced air cooling system, nor a finned heat
exchangerAs such, when the battery is in the bay, all its cooling will be via heat transfer
between the case and the ambient air. Forcing the air across the case will improve the heat
transfer rate. This can be done by either: 1. Having a fireproof bay open on two ends, with fans
to force air through the whole cavity, holding either one or two batteries, or 2. Having a single
open end, and a duct which sucks air from the back of theycaad blows out the front. In

either case, no air passage should exist between adjacent bays, so as not to compromise the
fireproofing. Depending on the usage scenario for the pack, fans may not be required if the pack
has adequate time to cool betweenrsee calls with no active air circulation, only the natural
02y @SOitA2Yy 2F (GUKS ol@& AYyUSNOKIYy3aIAYy3d gAGK GKS

Air-cooled

The same fan system which cools the passive batteries can be made use cttmiadt packs.
Depending on thepecific model, the pack may have fans which circulate ambient air through
the pack, which would work in tandem with the whalavity air exchange on their own, or fins
to improve the area for heat transfer. If fins are in use, it may be-effsttive to ceate an
adaptor for the duct to channel air directly through the fins to imydheir rate of heat

transfer.

Liquidcooled

Liquid cooling is moreomplexthan air coolingThefollowing factors must be handled:

1 The liquid loop must be maintained at thercect temperature approximately 20
30°C supply.

1 The liquid loop must circulate at sufficicliaw rate.
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1 The liquid loop must be filtered to prevent debris from clogging coolant pipes
9 The coolant must bdistributed between packs the MBAThis is acamplished by
managing the inlet pressure to each padkh the master controller.

1 The coolant must be selected to have low corrosiodeposition with the batteries.

Specifying such a system is outside the scope of this research, but it is worth netidiffitulty

of cooling such a large and diverse array.

Each battery model has a different coolant manifold, including port Se@sexample, the Tesla
hasal/4¢ LJ2 NI = ¢ KS NafBé porkSnnectiry dachikbhtt@ry to the coolant lines
could bedone with custom adaptors per model, or with a universal adaptor that clamps on the

port flange.

Cooling Loads

The thermal conditioning system load can be estimated by examining the cycling throughput
and energy efficiency of the tested batteries. Thsecharge capacitgf atypical Teslabattery
pack(rated 85 kWhpperating at a 0.5 h ratis approximately6 kWh.A complete cycle
conducted at these rates, including time for thermal recovery, would take approximately 2
hours, and achieve a rourtdp energy efficiency of 82%This equates to an average heat
dissipation rate ofvould require5 kW. Contrasting this with a gentler cycle and more efficient
battery, a 4 h dischargete usinga ChevroletVolt pack would bechieve rated capacity d6.6
kWh. Using a total cycle time of 8 hours and round trip energy efficiency of §iX#s an

average heat dissipation rate of 84.. With one thousand batteries, this could range from 2.5

MW to 50 kW of coolinga factor of 50 between them.

Local Liquid Cooling &teExchangers

As an alternative to having a hybrid-aguid cooling plant with coolant lines running to every
battery bay, the cooling plant may only provide air conditioning. For batteries that require liquid
cooling,anair-liquid heat exchanger coulik installed in the bay, with a fan forcing the cool

ambient air across the cooling manifold.

Only Liquid Cooling
As a third possibility, no air conditioning may be used, instead cooling every battery with liquid
cooling. For aicooled or passive battersg a fan with a heat exchanger could be installed across

the bay, linked to the coolant circulation lines. By forcing the cool air through the bay, air
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conditioning behavior can be emulated. Because all recent (Past 2 years) major models of PEV
have had tjuid cooling, it seems likely that the market will move towards a default usage of
liquid cooling. If this is the case, the coolant lines will suffice for the new majority of batteries,
and the operator can spare the expense of@inditioning, includinglucts, fans and heat
exchangers. This option would also potentially increase fire safety, by making the front fan
panels fireproof, and hence lowering the probability of a dangerous thermal event spreading or

endangering staff by containing the potentiakfin an enclosed space.

3.3.4 Control Strategy
Characterizing the Battery
When first installed in a bay, the battery should be run throagitandarddeep discharge test

with periodic current pulset establish its current performance characteristics, such as

Powercapability

Internal resistance profilesat rest,andas a function of capacity
Coulometriccapacity

Energy capacity at a nominal hour rate

Roundtrip energy efficiency

= =4 A4 A A -

Thermal response

As the batteries are used in normal operation, theseapagters will be tracked with periodic
testcycles devoted to vdgiing the current battery capacitie¥hree deep discharge CP cycles at
a low hour rate will measure the present eneppacity andncluding pulses of high power at
intervals will measurehte internal resistance of the battery, which is a good proxy for its health
in terms of electrode degradation. Conducting these tests monthly on each battery allows the
operator to have an accurate model of the performance capabilities of each battelywira)

the trends of these measures over time allows the operator to make informed decisions about
the remaining lifetime of the battery, and how best to maximize expected profits from the
expected remaining throughput. Sudden rises in internal resistaneglarge change in the
voltagecapacity curve would also indicate impendfadure andallow the opeator to remove

unsafe batteries before any critical events.
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Controlling the Mixed Battery Array
When the battery enters normal operation, a new contsthtegy will be used, called a
Hierarchical Control Strategypased on selectively using subsets of the available batteries to

fulfil service calls and intelligently slirag the load among that subsef batteries

The control strategynustdecide betweerdifferent combinations of batterieto fulfil electricity
grid service calls; for example, to satisfy a demand for 100 kW, should 1 pack beatald€d
kW, 10 packs for 10 kW each, or Jidrksfor 1 kW eachBhould different packs be called on if
the expected duration is 10 seconds, 10 minutes, or 10 howhat range obattery capacity

will be use® Should the lifetime throughput be used up as quickly as podsilieke way for
the next pack Will there be better benefits to maintaining the battetydugh gentle usage?

How muchenergyshould be ¢ft for potential future calls?

These questions can be divided into two broad categories, one wharng uestions are

general to energy storage systems (ES®)any different technologies, and another which
specifically relates to building a combined battery profile second to second in real time
operation,from a mixed pool of resource$his second group gfuestions are outside the scope

of the present research, which focuses on the relative performan&/dbatteries, and their

ability to provide services. Nonetheless, these questions are significant, and must be addressed

in future research on the topic.
Factors in common to many ESS include:

1. Accurately costing and predicting forecasted demand, to positie energy reservef
the system for optimal returns

2. Determining a consistent basis for comparing acti@@i®ating a cost function)

3. How to effectively stack services sucheagrgyarbitrageand frequency regulation,
accounting for extra revenue bblalanced against the possible penalties for violating
agreements to perform services

Specific issues to be addressed with the Mixed Battery Array control strategy include:

1. Thelife of the packs not welldetermined which interferes wittallocatingthe usage of
the packaccording to expected performance
2. Tracking and comparing a multitude of different performance factors for hundreds of

packs
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3. Assembling a subrray of batteriesof varying size and conditipawhen the usage profile
could change at any tiendue to service stacking

4. Comparing the value of degradation due to cycling to degradation due to calendar life

5. Distributing the needed service cadlsiong batteriesn an optimal manner

6. Deciding between packs with different strengths, such as peak paustained power,
maximum energy capacity or energy efficiency

Creating this hierarchical control strategy will be a focus of future research

3.4 Strengths oMixed Battery ArraZoncept
3.4.1 Safety

Using seprate bays for each packitigates propagation of a termal event (i.e. fire), which is

the single largest lmards of using Hon batteries If this were to happen in a home, or in a small
roadside box, the fire could propagate. Isolating the EV packs from each other, while also having
properly designed firgsuppression and ventilation systems with trained technicians on hand, is

proactive, diligent management.

Isolated systems at the residential or commercial level are less likely to have properly updated
and carefully managed control systems. Homeownershateattery experts, and while

isolated systems could be remotely monitored, a lack of trained expertise represents a risk. By
collecting theusedEV packs and operating thenith their original pack and configuration, and
trained personnel, the dangerd thermal events and active high voltage connectiars

minimized

Finally, centralization allows a single large capital investment (i.e., an automatic foam
extinguishing system) to be much more manageable, as the cost is only applied once, but the

addedsecurity of such a system applies to every battery pack housed in the warehouse.

3.4.2 Flexibility
By having a warehouse capable of housing and making use of multiple pack types, the supply
can more easily be filled by the loecsed E\market. Astransportationcosts may comprise half

of repurposing costfb9], any means of reducingithexpense is of great benefit.

The local supply of batteriegill vary with respect tanodel,age,wear, mechanial and
electrochemical conditionThe mixed battery array concepanaccommodatehis range of

batteriesdue to its unique electrical, physical and control systems. This is in contrast to
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conventional industrial perspective, which strives for homogenieitysed packs before

repurposing.

The location of the plant affects the kind of services it may best perform. If placedt@lose
distributedgeneration, it may serve to integrate intermittent generation sources, and regulate
the power of wind turbines andolararrays It can also deal with ramping of renewables, such

as powelfluctuationsfrom clouds or gusts of wind.

If the warehouse is located neand-users,it can reduce peak values of powsnsumption and
defer transmissioftistribution upgrades. Itan also serve asmicrogrid uninterruptible power
supplyfor storm conditions, where more distant power lines may go down, but local

neighborhoods can stay active.

If the plant is centrally located on the trunk of the network, it can perfam@aregulaion,

blackstart services, and ramp rate compensation.
The warehouse may be housed sensibly in any cfghecations.

3.4.3 Expertise
A key feature of the concept is staffimgth trained battery techniciasin the warehouse. The
knowledgeable techniciacan gucklyexamine and assegmcks, implement repairs, swap

batteries, and prepre new batteries for service.

Control strategies can also be adapted by a professional to serve local needs more closely,
rather than following a generic control pattern. By optainig the control strategy, the value of

the plant can be maximized abradditional capital cost.

3.4.4 Scale

2 KSY RSIftAY3 ¢6A0K INAR &02Nr3ASsE Iy AYLRNIIF YD
willingness to deal with independent actors. Generally, contngcéind

transmission/distribution limitations make it difficult to allow numerous small independent
contractors onto the system. By collecting the packs into a single location with one grid
interconnection point, these barriers are minimized. A grid opar&anore likely to contract

with a single plant with a hundred packs, on one grid connection which can make bids and fulfil

requests very easily, than a hundred distributed, storage nodes
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Additionally, such a single large plant can perform multiple sesvinore effectively than
distributed packs. Services like frequency regulati@ybe stacked witlservices like

timeshifting, and transmission upgrade deferrals require a minimum amount of storage before
deferral is really a viable option, as too litderage would not be enough to guarantee service

to the customer base.

Finally, having hundreds of batteries available at a tiniggatesthe risk profile of used vehicle
batteries.The higher risks of battery faite and the uncertain lifetime capacitiase averaged
over more units, unlike small installations 61Q packs, where the failure of one unit could
prevent it from meeting its services at dhl. a large plant, the failure of single batteries does not

represent a significant loss of capability.

3.5 Weaknesses of Concept

3.5.1 Lifetime Uncertainty

The total lifetime capacity of EV batteries is still uncertain. Until the first sets reach the end of
their 15-yeardesignlifetimes in steady servicegrified data on lifetime capacity will not be
available Futher, because calendar aging is separate from cycling aging, there is no way to get
this information in advancéom hard data instead of projectiob's And each new model of

battery could have a differerlifetime decay functionOverall, this means thaepurposed

usage will always have to deal with uncertainty regarding the r@akwemaining in the

batteries This is significant because battery capacity is one of the important sensitive variables

when calculating the profitability of the installati¢fl].

3.5.2 Technical Risk

By using a product beyond its design lifetime, the probability of suffering a failure increases. As a
battery ages, its chemistry changes in ways thal/cause itouch or casing to swell. Most

modern designs includexpansiorto compensate for this, but it is a certainty that the internal
mechanical stresses will increasaising the risk of malfunctio®long with aging comes wear,

which may cause contacts to far short, or a pouch to leak, which can cause thermal events.

Capacity loss in individual cells may cause restrictions on the capacity of the whole pack.

1 Projections have a range of predicted values dependinmodel and assumptions but range from
60%80% capacity remaining at end of use.
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The most significartechnical risks the lack of manufacturer specificatioasd access to
historicaldata. Without information on critical facts such as safe current limits, safe operating
temperatures, voltage limits, capacity decay rates, tiiedty operatorsare disadvantage.
Depending on the brand, they may not be able to access the histarfoatiation on the

battery collected by the car. This will force operators to run their battenese conservatively

or conduct more validation thaa fully informed operator.

If the internal BMS is being used, the ®ANcommunications codemay be diffeent with

newly arrived batteries of the same braridterrupting workflow. More insidiously, the change

may not be noted before installation, causing the battery to be operated unsafely while the
signals are being interpreted in a way that makes it appede safe. If the BMS is not being

used, the pinout configuration may also change, possibly causing shorts or equipment damage if
the adaptor is not also updated. The biggest factor in these risks is the inability to know about

the change in advance witk®o OEMinformation, whichmay be unavailable

3.5.3 Financial

Domestic home energy storaggepresently purchased for backup and load shiftbigmmercial
energy storage markets have seen some success selling demand charge management and
backup services, but therofitability of these may depend on lodalriffs or carbon taxesBy

contrast, the industrial scalmust have clearly defined contracts and financial retubhaould

be nearly impossible tbuild a mixed battery arrayithout some form of financing tpurchase

the warehouse, cooling systems, and batteries. If the payback is not abundantly clear, financing
will be difficult to obtain outside of pilot projects and test be@ven the uncertairconomic
viability of the used EV market, and the many assgtions that underlay the present finance

models, accessing financing may be an obstacle.

3.6 Experimental Research Objectives

The development of the MBA concept serves as a seed for future developers to build upon,

accelerating the usage of repurposed EV bétefor grid storage

To support the MBA concept, it is critical to have quantitative experimental data that provides

performance information according to consistent metrics.
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1. There is an absence of rigorous performance data for the most popular EViésiter
the market.This absence makes it more difficult for thijperty operators to predict the
profitability of a storage array as described in this chapter.

2. Upon receiving the batteries at the storage facility, their performance characteristics are
undetermined. Identifying these and assigning a service to the battery based on the
results of a characterizing test will be part of the receiving process. Example

characterizing tests and service assignments should be demonstrated.
Toovercomethese obstaclestwo experimental objectives are determined:

1. A selection of the most popular EV batteries should be tested, and their performance
reported.

2. An example test routine for identifying the performance characterigifdsV batteries
should be developed and demstrated, and a strengtlervice ranking should be used
to assign energy storage services to each battery based on the results of the tests,

replicating the intake process at a storage facility.
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Chapterd Batteries andexperimentaProcedure

The experimental procade is separated into three parts: The batteries, the test equipment,
andthe duty cyclesised for performance evaluatiokach battenjhasa sectiondescribingheir
format, configuration and othercharacteristics. The testing equipment section désceibe
each piece of equipmerand its usagand accuracy. The final section descsibach duty cycle
constant current and constant power cycling, and frequency regulation simuldtsorelevance,

usage, and tha@ecessarynformation to replicate it.

4.1 Bateries

This section will detail eadhst samplebattery, and how it wasnstrumented.
The batteries are:

9 Asection of a Chevrolet Volt packmprised of 3 cells in parallel, grouped 12 in series
which is a liquiecooled, prismatic battery from plug-in seriathybrid vehicle

T 3 moduledrom a 2015 Nissan Leaf battegrouped in their original 3 modules of 4 cells
each. It isa passively cooleflilly electric vehicle battery

1 32 moduledrom a 2012Nissan Leafpresenting a larger example of the Leaf bajt

1 One moduldsfrom aTesla Model Sa highpower battery designed for a performance
luxury vehicle, with liquid cooling. Unlike the other batteries discussed, it made with
cylindrical cells like those found in laptop batteries, wired in a highly [paral
configuration (74P vs. 2BP)

91 ThreeEnerDel Moxie+ MP32409 batteries, wired in series and hereafter referred to as
the Moxie+ battery a module for heawduty applicationsuch as trucking or shipping
with aluminum fin air cooling

1 A Lishen EXFP httery pack in original case with 104 cells in series, reaching nearly 400
V, the highesvoltage and energy capacivf all batteries under testind.ike the Leaf, it

is passively air cooled, and optimized for high energy capacity.

Each battery is instruented for percellgroupvoltage measurement, total pack voltage and

current, and temperatures

4.1.1 OverallSpecifications

The spetfications of each battery argivenin Table3.
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Table3- Battery SpecificationOverview

Battery Specifications

Manufacturer LG Chem AESC AESC Panasonic Lishen  EnerDel

Vehicle Chevrolet Nissan Nissan Tesla EVLLFP Moxie+
Volt Leaf Leaf Model S

Model Year 2015 2012 2015 2014 2012 2017

Nominal 45 60 60 222 115.5 31.5

Capacity (Ah)

Nominal 6.0 15.0 1.4 4.84 37.3 3.9

Energy (kWh)

Maximum 4.20 4.20 4.20 4.20 3.55 4.1

Voltage ¢po

Minimum 2.50 2.50 2.50 2.50 250 2.50

Voltage ¢po

Cells in Paralle 3 2 2 74 7 2

Cells in Series 36 64 6 6 104 36

Mass (kg) 53.4 121.6 11.4 25.4 450 48.0

Volume (cm) 32603 75648 7092 15925 585120 27300

Dimensions 75x22x27 54x46x30 10x30x22 66x28x8 114x192x24 53x26x20

(cm)

Negative Graphite Graphite Graphite  Graphite Graphite Hard

Active Material Carbon

PositiveActive NMG LMO LMO NCA LFP NMC

Material LMO

Other specifications for these batteries can be found in seci@®, and the following sections.

Battery Subsets
In this research, most batteries tested are not full packs from the vehicle. Modules from packs

which have been divided up are easier to find in the open market, and easier to ship.

The power cycler used has a power limitation of 200 A and 50 kW per channel. A full Tesla pack
has an energy capacity of 85 kwh. It would require both channels to matgiother
requirement of 1h cycling in either current or power, and 0.5 h rates are impossible with this

equipment.

Extrapolating the results of this research requires only scaling up the energy capacities according
to the number of cells in series. The teempture values are harder to extrapolate, which is why

the focus is on their relative thermal performance.
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4.1.2 LG ChenChevroletvolt

The Chevrolet Volt battery was taken from a 2015 Chevrolet Volt (Generation 1). It was
originally a 7 kWh section of 4 moesl (12, 6, 12, 12 cafoupsin series in each), one of which
was removed because it suffered a malfunction. The three remaining moakdesch 3 cells in
parallel, 12 in series (3P12S) for a total pack of (3PB6S)iquidcooled, with cooling fins
interleaved with the cells, alternating with foam compression pads, such that each cell has one
face adjacent to a firilThe cells measure 480mm x 195 mm x 5.2 fine battery is detailed in

Figurel?.

PhysicaDescription

Figurel7- Chevrolet Volt Batterya) The three modules used in testifya single cell with scale)a side view of
cooling manifoldd) location of thermistor on cell.

Parameters

The upper and lower voltagamits for the pack were selected based on chemistry. It is known

that the chemistry i$ FNMGLMN, whichhasupper and lower cell voltage limits of 4.2 and 2.5
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vpc. The capacity of the padk45 Ah[60]. The energy capacity was calculated using nominal
voltage of 3.6/pcfor atotal ofo &DFAN p ! K [COE AFOAS NR Sraungedoy6 | 2 K

kWh for nominal capacity.

Instrumentation

The cells were tapped using the existing wirifige top of the module has a port for the OEM
BMS to connect, and a small cable to run between th&me. OEM BMS wasmoved the cable
wassevered and the ends were identified and crimped with a standard pattern of connectors.
This included the thermistderminals. TwoOEMthermistors were in each module, at the ends
of the module where the outer face of the cell is farthest away from liquid cooling. The
thermistor location is near the highest temperature location, on the average path of current
across tle cellneat the uppermiddle-center of the cellas seen ifrigurel7d at the center of

the red circle T-type Thermocouples were also added to the coolant tubes to measure the
temperature of the coolant strearat the inlet and otlet. The coolant pipes used are made
from %4in PVGso there is a measurement lag between thestream temperature and external

temperature.

Cooling
The Chevrolet Volt is liquicboled, with the coolant traveling away from the manifold
longitudinally dowrthe large channels seen kigurel8b. The coolant then flows through small

channels across the cells, before being collected by the manifold again.

a) b)

ARl | olealot lopalk

Figurel8- Chevrolet Volt Cooling Déltea) Coolant flow, view from toph) Coolant plate between cells.
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4.1.3 PanasonideslaModel S

The Panasonic Tesla module came from a 2015 Model S 85. The battery is formed of 440
cylindrical celld8 mm@by 65 mmlongin a 74P6S configuration. It is ligtcooled, with a

singlepipe weaving up and down the length of the pack in between the walie making a

tangential contact with one side ofeach céllK S O&f AYRNA Ol f ORRf &¢ | RB
electrode, active material, separator, and e®lyte. This decreases the mean electmpath
andincreases the contact area for current flowhis, combined with its highly parallel

configuration allows for the highest peak power output of any automotive battery on the

market The battery is shown iRigurel9.

Physical Description
a) b)

Coolant : :
Inlet e Coolant
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Figurel9- Panasonic Teslastrumentation a) A single 18650 cel) Pack, with connections, including cooling.
Thermocouples are mounted inside éatle.
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The main current carriers atbe aluminumbusbars with small fusibldinkswelded from the
caps of the cell to the platdf an abnormal current flows through them, the wifials,

discmnecting that cell from the groupf 74.

Parameters

The uppe and lower voltage limits for the pack were selected based on chemistry. It is known
that the chemisty is LiNCA which has upper and lower cell voltage limits of 4.2 and/@cThe
capacity of the module wasssumedo be 222 Ah becauselitas been reprted that the

module was formed of Panasonic 18650 cells, and the rated capacity of those cells is

approximately3 Ah by NCR18650 manufacturer specificatiffi.

Instrumentation

Teslahas wres tocell taps on each of the metal plates. The wires are gathered at the dranht
soldered to a BMSwhich was cubff andreplacedwith the custom lab connectoiThreeT-type
thermocouples wereadheredto the cells nearby the cooling ports in ascerglorder of
expected temperature, and thermocouples were attached to each cooling port to read the
temperature of the streamThe coolant thermocouples face the aluminum directly, so the
temperature should not suffer from a phase delay in reading tempeeatgiventhe high

thermal conductivity of aluminum.

Cooling

The liquidcooling system of the Tesla is formed by a loegjangularpipe which has been

flattened andthreadedthroughthe module.Each cell hatangential side contact witthe pipe.

The ceb are clustered such that each cell faces the cooling pipe on one side, and a partner cell

on the other.These features can be seenFigure20.
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Figure20- Tesla Cooling Systea).Coolant Flowb) Detail view of corners of coolant pigg OEM Thermistor on cell
beside main terminat) Lab mounted thermocouple on cell beside coolant manifold.
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4.1.4 AESC Nissan Leaf 2012

The Nissan Leaf uses cells manufactured by the Automotive ERepgy Corporation wired
2P2SIn this thesisa portion of a packs used with 32 modules, or 64 cells in seriegslt
passivelcookd, either in its original form, nor in this reduced version. The cells are large, flat

pouch cellsmeasuring200 mm X225 mm x 6.2 mniThe battery is shown iRigure21.

Physical Description

Figure21- AESC Nissan Leaf 20apSide View, including wiring harne3tiermocouples are in red circleyCutavay
view of cell in module

The 2012 Nissan Leaf pack is composed of 32 modules separatedphytsioal groupsEach
Thiscreatesa packconfigurationof 2P64SThe two large modules are joined by a cable with a

mid-pack disconnect.

Parameters

The upper ad lower voltage limits for the pack were selected basadhe AESC specifications
sheet[62]. Manufacturer specifications give the capaaity30 Ah per cellA whole pack is raté
at 24 kWh, with 48 modules. Therefore, this pack, with 32 modules, is rated at 16 kWh.

Instrumentation

TheOEMcell harness provided cell taps. The ends of the wires vdemtified, separated,
severed and crimped with connectors in a standard configuratibhe builtin thermistors were
similarly cut and crimped witbonnectors The thermistors are located on the rear of the

battery, two on the lower and one on the upper set of modules, FFigure22.
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Cooling
The AESC Leafiassiely cooled. The
warmest locations were typically on
the very top and in the middle of the

packs, in the air gap.

2 _TEwEE B E\E: o B e (e

Figure22- AESC Leaf Thermistor Locationsack of pack,
circled in red
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4.1.5 AESC Nissan Leaf 2015
Like the LeaR012 pack, the 2015 Leaf pack is compose2R#3nodules, but only three
modules are in use here. The modules have a slightly changed casing, reducing the material

usage, and leaving a few gaps for better airfldive battery is shown iRigure23.

Physical Description

Figure23- AESC Leaf 20Battery, Pack and maigables

The AESC 2015 pack is formed of three modules from a 2015 vé@h&psack total

configurationis 2P6S

Parameters
The parametersf the 2015 pack were selected the same way as the 2012 version: The voltage
and capacity were chosen based on manufacturer specificéitiemtical to 2012 Leafand the

energy is the proportional fraction of the original pde2d kWh)

Instrumentation

The original cell harness was present, so the wires were cut, identified, and crimped. The 6 taps
were combined into a standard configuration, as normal. No thermistors are present in the
pack, so all temperature measurement is done by thermocouple. Tduk kkads visible in
Figure23are for the BMS backup measurement, and ginenary measurements are internal,
sandwichel between the modules, on top, and on the sidée locations of the thermocouples

are given irFigure24.
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Thermocouple Location

T1 Top of module
T2 Inner face of module ]

T3 Inner face of

module2, opposite T2
T4 Outside face of T

Figure24- AESC 2015 Leaf Thermocouple Locations

Cooling
The AESC akis passively cooled. The 2015 pack in the lab benefits from only having three

modules under test, increasing its surfam@ato-volume ratio, lowering the average

temperatures compared to the 2012 Leaf.
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4.1.6 LishenEV(LFP

The Lishen EVFPbattery pack is full packversion,complete with supports and shelhside
the hardshell protective case, the pack is divided into blocks of modules, each witbrzatic
cells inparallel and varying seriesonfiguration between 5 and 7 cells. Thermistors are
digributed throughout the pack, some of which are in use, as natdelgure26. The battery as

a whole, and an example module for scale, are showrigare25.

Physical Description
b)

Figure25- LisherEV(LFPa) Whole Packb) Side view of module, detail of cell.

The2012LishenEV(LFPpackis an example of an entire vehicle battery pack. It is composed of
16 modules in seriefr a total pack configuration afP104S. Ténstring runs down the length of

the pack, with a midpack disconnect at the end before returning to the front.

Parameters

The voltage othe LFP cells used in the LishenlEE¥? havepper and lower limits of 3.55 and
2.5vpc The capacitgiven by manufactrer specifications i$15.5 Ah. At a stad nominal
voltage of 322.8 V, thigives 37.3 kWh.

Instrumentation

Theexisting wiring harness was used to tap the cells of the LishdrFByack.The wires were
cut, identified, and crimped one at a time. Trenoectors were formed into a standard
configuration for the BMS. The pack also has thermistors in every sedtichwere also

connected though not all were used’he implemented sensors are identifiedFigure26.
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Cooling
TheLishen EALFPpack ispassively
cooled Because of the hard case, anc
the absence of fans, the packols

slowly, compared to other battery

packs.

Figure26- Lishen EV pack detallhermistors in use are circlec
in red.Thermocouples are circled in green.
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4.1.7 EnerDeMoxie+

The battery described in this section is the Enerdel Moxie+ MP320 Moskée irFigure27.

The Moxie+ is intended for heawdyty hybrid vehicleservice. The pack is composaid3

modules, each with 2 cells in parallel, 12 in series. Thugabkconfiguration is 2P363he
modules each have a flexible ribbon cable carrying cell taps and thermistor terminals from the
block.

Physical Description
b)

:LENERDEL

Figure27- Enerdel Pack and Cel) Modules under test. B) EnerDel Moxie+ celige credit: Enerdel Moxie+
Technical Specifications.

The cells are interleaved with cooling fins on aHasis, which extend out thend of the battery
to an air chanel. By manufacturer design, the fins make a flat panel, which can be mounted to a

cooled plate

Parameters

The voltages and capacities are all drawn directly from a manufacturer specificatiori@3jeet
The upper and lower voltages ad€l and 2.5 vpc. The manufacturer restricts current near fully
charged and discharged states, but the Hadfir rate does not fall in this restricted range, so the
full voltage range is available for all tedts.coulombic capacity is 31.5 Ah, and its energy

capacity is 3.9 kWh

Instrumentation
The Moxie+has internal cell taps that amollected in a ribbon cableerminated in a female
serial bus A male connectois used to convert the female terminator txgosed pinsand wires

soldered to the appropriate pins. The wires weremped andcollected in a standard
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configuration. The Moxie+ has several internal thermistominted at the cell edgeg'wo of
these wereusedper module. The thermistor locationseain the middle of the module, and on

the side.

Cooling
The Moxie+ isorced-air-cooled,and
has a cooling fin system, which
improves the heat transfer from
forcedair cooling. A fan system to
blow air through these fins was

constructed ands shown irFigure28.

Figure28part # Part

1 Intake Fan

2 Plenum Figure28- Enerdel Cooling Systeir is sucked through thfan
andblown up through the aluminum fin¥ellow circles indicate
3 Outlet thermistor locations.

The plenum has dimensions 18.4 cm deep by 56 cm wide by 10 mm internal height. The

aluminum fins are 5 by 11.7 by 145 mm, with 12 fins per module.
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4.2 TestEquipment

This sectiowill discuss the details of ehpiece of testing apparatus, including resolution,
accuracy, and timestef.he power cycler, linked data acquisitisystem, and control software
form the core of the testing suite. These three provide power to the system, monitdetts

and execute hie scripts which contain the test protocols. Next is the battery management
system, or BMS, which tracks each getlupQ & @2 t ibp-tEIGrtedhes BRsing a resistor
GgKAOK I OGA@GIGSa AF | OStt 3INPdHEGA tedharal | 3 S

(V)
m-
O
(p))

conditioning loop whictheats and coolthe liquid-cooled batteries will be discussed.

4.2.1 Power Cycler

A GustawKleinpower cycleperated byDNBE Syt A IKG Lyy2 @I iskshe y Qa 9 YSNI
primary testing apparatus'he power cycleis programmedto follow a testing scriptomposed

of battery test parameters and antrol profile. It can operate in current, voltage, or power

control modes, where it forces the relevant parameter to the specified value, within hardware

limits of current, voltage, andower, per the specifications ifable4. The power cycler can be

seen inFigure29.

Table4- PowerCycleiSpecifications

Operational

Range

Current (A) -400 to+400
Voltage (V) 0 to+800
Power (kW) -100 to+100
Resolution

Current (mA) 10
Voltage (mV) 100

Time (ms) 100
Accuracy
Current(mA) +20

Figure29- GustavKlein 100 kWPower cycler
Voltage (mV) +80 9 Y
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4.2.2 Data Acquisition Stem

The Greenlight Innovationsata AcQuisition System (DAQ¥yhown inFigure30, is an external

measurement device closely interlinked with thewer cycler It is used tandependently

measurevoltage and temperature. It repostall its values directly tine Emeraldsoftwarefor

control and data collectiant has 16 masurement channels for voltagad 16 for temperature.

Its specifications are given Trableb.

Table5- DAQ spcifications

General Systerfipecifications

Timestep(ms) 100
Voltage Channel Specifications

Channels 114

Voltage Range (V) -75t0+75
Resolution (mV) 1
AccuracymV) +37.5
Channels 186

Voltage Range (mV) -100 to+100
Resolution (mV) 0.001
AccuracymV) +0.1
Temperature Channel Specifications

Channels 4116

Measurement Device T-Type Thermocouple
Temperature RanggC) -270to 370
Temperature Resolutio(fC) 0.1
Temperature AccuradyC) +1

e

Figure30- Greenlight Innovations DAQ
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Temperature Measurement

Calibration

Some batteries (i.e., Volt, Leaf, EnerDel, Lishen) haveibtitermistors for measuring
temperatures closer to cells than sid@ounted sensorsThese sensora/ere usedwhere

possible, fo better accuracydue to their preferred locationln most cases, the thermistor
coefficients were not available, so calibration tests were performed to identify the betaiand R
values. The resistances of the thermistors were measured at 3 temperaamdghe results

linearly regressed. The slope of the line is the beta value, and the log of the intersect g the R

value, as per equatioh.
[ 2R I )

The results of the calibrations are shown belowkigure31.

Temperature vs Resistance of Thermistors

12
11.5
11
’g 105 ® - |
< o e (¥ @ Chevrolet Volt
= 95 ;o Lishen EV-LFP
e
T o, ‘ AESC Leaf
- 85 L
8 Orion BMS
s Panasonic Tesla
;
0.003 0.0032 0.0034 0.0036 0.0038 0.004

1/T (1K)

Figure31- Thermistor CalibratiorLinearized Resistance vs. Temperature

These reslts are summarized below iFable6.

Table6- Summary of Thermistor Calibration

Thermistor Source J r

Chevrolet Volt 3919.9 0.019563
LishenEMVALFP 4382.2 0.046617
AESC Leaf 33940 0.044392
Orion BMS 3261.6 0.170896
Panasonic Tesla 4000.2 0.014952
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The Orion BMS thermistor values are for comparison, and to verify the accuracy of the method.
The Orion specifications givethe pnkHp @ fdzS G ooynYZI GKSNBT2NI

is within 4% oftie known value.

Ballast Circuit

The thermistors were wired in a ballast circuit, as pigure32 below.

O
Vs
120K 120K 120K
2v ]
— V1 V2 V3

\Y%

Figure32- Ballast Circuit Diagram

The ballast circuit voltage measurements were made using th@ @itage channels-14, and
the equationl above was used to calculate the corresponding temperatures. The
measurements were checked agaiastliable Ftype thermocaiple, and found to be within
+1°C.

Current Shunt

At low currents the power cyclercurrent measurementincertaintyis significantBecause the

resolution of thepower cyclercan cause the current values to be off by 0.2 A rtdative

accurac® T G KS L322 ¢SNJ Oé Of SiNuchhighdézhtlaB ¢lirentYads.aTdzNB Y Sy (i
remedy this, aesistivecurrent shuntisused This shunt is constructed of e.g1@0 A/100mV

resistor, through which the current passe@ther sizes in use include 380100 mV and

500A/50mV, depending on the maximum expected curréltte vdtage drop across the shunt

is measured by a DAQ voltage channel (15 or 16), which measuresltesip to£100 mV. This

change is used to calculate the current through siheint andis used in place of theower

cyclercurrent value The shunt specificains are given ifable7.
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Table7- Current Shunt Specifications

Shunt Accuracy
100 A/100 mV 0.226+0.1 A
300 A/100 mV 0.25%+0.3A
500 AGOmV 0.25%+1 A

4.2.3 CQontrol Software

The Emerald software comtls the power cycler and records values from all peripheral
measurement devices. Two scripts are used for each tdsdttary parameter script, which
definesthe limits and setup o& particulartest, and a cycling script which is used for all tests of
the sameaype andcontrols the power cycleogic These two scripts are called in sequence by a

master control scriptExample scripting logic is showrFigure33.

Parameter Script Cycling Script

Determine Channel and BMS ID Start Dataloggers
l v
Discharge at Constant Power [+
Set Indices of Auxiliary Measurements

Yes
l ¢—

Populate Safety Parameters Rest

l Yes
Populate Cycling Parameters >t rest

Charge at Constant Power

-m Yes

Rest

Yes

End

Figure33- ExampleControlFlowchat with a CP Cycle
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4.2.4 Battery Management System
The Orion Battery Management SystéfBMS)s used on all the batteries under testskrves

threefunctions:

1. Cell voltage measurement
2. Cell balancing

3. Temperature measuremetior safety

Cell Voltage Recording

The cellgroup voltagemeasurement isnade and transmittedby a rolling broadcast over
CANBUS. The BMS observes the voltages of all cells, and broadcasts them one at a time, in
order, every 30 milliseconds. Ergo, the minimum refresh period for any sielyjie no more

than 1second, and in practice is closer to 8ggonds.

Cell Balancing
Top-of-charge ell balancing is the procedure of removing charge from the highest voltage cells
in a pack, until all cells are within a certain tolerance of the santag®l The Orion BMS

performs cell balancing as follows:

1. Check which cells are above a certain voltage (e2yptfor a Licell)and more than
e.g., 005V above the lowestoltage cell
2. Discharge those cells 200mA for 30 seconds

3. Stop discharge fa30 seconds, go back to 1.

Thisforcesall cells to have an evdinal chargevoltage. Therefore, wheaycling, all cells should
be within the same band afoltage andwill not deviate near the end of charge or discharge,

which would causearly termination or unsafe voltages.

Temperature Measurement
The Orion BMS has 4 thermocouples which were usedcasadanttemperature

measurements during testing obtain highest and lowest temperaturésr safety purposes

12 https://www.orionbms.com
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Table8- BMS Spedifations

Cell Voltage Measurement
Voltage Resolution (mV) 15
Cell Broadcast period (ms) 30

Cell Balancing
Balancing current, max (mA) 200
Balancing Duty Cycle (s) 30

Temperature Measurement
Resolution (°C) 1
Timescale (ms) <100

4.2.5 ThermalConditioning

Air Cooling

The AESC Le&herDeblndLishen EVWatteries are actively or passively air cooled. The lab is
maintained at a steady temperature 002C+ 1°C. The Leaf arldshen EVacks are passively
cooled with lab aiwithout a fan and the EnerDebatteries are cooled using the metal cooling

plates and a simple fan distributor, using lab air, and shovifigare28.

Liquid Cooling Loop
TheVoltand Teslabatteries require liquid coolind-heLiquidThermalConditioningLoopuses a
chiller, a heater, a circulation pump, andtemperaturecontroller to provide a constant

temperature coolant supplyrigure34 below outlinesthe system.
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b)

Figure34- Liquid Cooling Loog) Line diagram of LCL. b) Photograph offtddh above Shown are the heater tank,
lower left, circulating pump, red, and circulating fan. The LCL is completely contained inside an insulated shell in
normal operation.
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