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ABSTRACT

The Spartan Superwagyogram offers an opportunity toitigate and eliminateffects of typical
transportation methodm the environment and publithe proposed nortlsouthcampusoute
plans toconnect the north and south campuses of San José State Universityg. I kmroute

will consist of 14 stations. To collect energy to power the system, a canopy of solar photovoltaic
(PV) panels above the guideways has been proposed by desidreeenergy generated is
expected to betored withsome form of energy storagjeatwill be allow the system to operate
under lowlight conditions or at nighAlthough various technologies for energy storage are
available batteriesare proposed to hesed to store energy from the solar panels. Such energy
would be used during the nighttimdnen solar panels are not generating much en&tgysolar
canopi@ route is estimated to generate an annual 31.8 GW. Research and analgsisdstoe
determine design options.

Literature review was done on current journal articles related to thea8@&uperway. Analysis
was conducted through a computer simulation, developed during a previous project, to obtain
energy demand and supply models of the system. The data was atlalgngtispreadsheets

and assumptions were made to determine a sigresfly storage required. Commercially
available products that could meet the needed capacity were researchetpdjecsonreport
provided by théJ.S. Department of Energy Office was used to estimate the csistrafje

system.

The current literatte found showed a declining cost trend in solar photovoltaic and battery
storage technologies. A worsase scenario showed the energy required to run the system for
one day solely on energy stored. Various commercially available storage unit desidfesaftdi
scales were found to be applicable to the Superway system. High, middiewaraist

projections for the storage system were calculated and graphed.

A case study was conducted to further analyze the option of purchasing a market unit or creating
a custom unitComputer modeling programs were used to model the custom unit and create a
rendering of the unit at a statiddew developments in the Superway project throughout the year
by other teams led to updated recommendations. U$term energy stage unit was designed to
compare tamarket available unifThe design process is described in the report with a focus on
readily available hardware and materials. Detailed drawings and renderings were created to
visually demonstrate the custom unit imma detail. An interconnection diagram was created to
visually summarize the process and timelinegiad tied systemsTwo decision matrices were
created to determine the best choice with the information obtained to the point when the project
was concludd.Custom unit and market unibsts were compared with recent to date

researchA final recommendation concluded the project at the end of the report.
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NOMENCLATURE

GHG1 Global greenhouse gas
PV1 Photovoltaic
ATN i Automated Transportation Network
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1.0INTRODUCTION

Current transportation methods and systems in place have environmental, safety, livability,
convenience, and economical adverse implicatiGhsbal greenhouse gas (GH&hissions are
among the leading causes of climate change, making methods focusaedwahle energy to

fight climate change essent{&urman et al, 2017) Automobiles, trolleys, trucks, buses,
pedestrians, and bicyclist are in constant competition for the same space which results in over
millions of accidents and injuries around the Mt@very yeafFurmanet al, 2017) Current
transportation options continue to challenge livability in cities as either gas powered or electric
cars can be noisy, introduce hazards that discourage walking, shopping, street markets, and
require a lot of gace(Furman.et al, 2017) Convenient public transportation can be rare, or
missing, due to undependable scheduled services and ample separations between station and
origin points(Furman.et al, 2017) Economical transit options can be an issorsidering that
expensive farecompete with cheap gas and parking pri¢easman.et al, 2017) To add the
transportation sector is one of the largest contributo@HG emissionsSan Jose6s | ar ge
carbon emissions, over 60%, are from the mobilecgsFurman & Swenson, 2019t the

moment, according to the U.S. Environmental Protection Ag&@i0) the transportation

sector in the U.S. contributes 29% of GHG to the overall emisfib&s Environmental

Protection Agency, 2019From those emissions, 59% are due to {aitlyy vehicles and 23%

from medium and heawgtuty trucks. These GHG, consisting of gases such as carbon dioxide
and methane, are caused from the combustion of fuess Environmental Protection Agency,
2019) These gases have adverse implications on the environment and health of the population,
especially when excess amounts are emitted. Studies conducted have confirmed a relationship
bet ween firespiratory diseases remthtramsportatipno ! | ut i
sector(Liu, et al, 2018) Efforts to reduce emissions through electric vehicles have had
challenges.

The Spartan Superwaye s e ar ¢ h p r eam rasearch isitiatve dt $aa Joge State

University to establish solar powered automated rapid transit ascendant network systems for

ur ban e n v(Funmanetna, 2d1%) dhe planned Spartan Superway, comprised of

netwaks of elevated infrastructure that vehicles are suspended from, is a revolutionary and truly
sustainable form of urban transportati¥ehicles referred to as podcars, the size of a car or

minivan, will be used to transport people across elevatedcmiapied stations without long

waits, the need for transferring, or taking any intermediate gkapman.et al, 2017) It is

headed by Professor Furman and its goal is to
emissions, while dramaticallmipr ovi ng pub |l i qFutmana& Stvdnsom, 80d9) s af et y
It is intended to provide transportation services around school campus through a suspended

podcar system powered from a solar panel caepgman & Swenson, 2019)he Superway

will reduce emis®ns by having net zero energy use and support the renewable energy industry
(Furman.et al, 2017) The elevated guideway will eliminate traffic and collisions, yielding more

room for bicyclist, pedestrians, wildlife, and operati(fagsrman et al, 2017) Through a

reduced need for parking, 1t can prenenti al ly
housi ng ddRueangetmin20h7) Reople will be able to travel and take a break

rather than dealing with driving stress and congkstdfic (Furman.et al, 2017) It will offer

vehicles on demand with availability all day at all times where users can schedule a vehicle

1



within a mobile app or terminal at a statigturman.et al, 2017) Being connected to other
transit systems wilfjive more communities with infrequent public transit easier accessibility,
discouraging the need for a car to travel to a stgfforman.et al, 2017) Current transit
infrastructures are aging and will require investments and sufporhan.et al, 2017). The
dynami c

Supe
socCi

rway wi | |
oeconomi ¢

of fer f
communi

f ai
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r,

eso

t hat

may

pricingo
not be

car ownershigFurman.et al, 2017) The Spartan Superway isreently offering educational
benefits to many disciplines to provide students with skills and experience to use outside of
school(Furman.et al, 2017) The Spartasuperwayis an opportunity to reduce or eliminate
effects of fossil fuels that move typical transportation methods forward, while helping society
reduce and eliminate inimical impacts of modern transportation metfodsan.et al, 2017)
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Figureli Proposed nortisouth campus rout§ource(Fogelquist, 2019)

For this system, a proposed nesibuth route is intended to connect the north and south
campuses of San José State University. This 14.9 km route will consist of 14 stations and
approximately 155 vehicles at maximum operatitm collectenoughenergy tgoower the

system all day, a canopy of solar photovoltaic (PV) panels above the guideways has been
proposed by designers. To do so, some form of energy storage will be required for the system to
operate under losight conditions or at nighiThe energy syem of thesuperway can be broken
down into subsystems which incluttee PV panel collection system, distribution systemjpoal
energy storage, and evening and low Hgviel storage. The podcar energy storagg consist

of supercapaciterused to quickly get the podcar up to speed again after a stop. Evening and low
light-level storage systems can be look at in terms of medium anddongstorageMedium

term storage could be batteries used to store energy from the solar panels. &yctvemnd be

used during the nighttime when solar panels are not generating much energy. Two examples of
long-term storage systems are pumped heat energy storage (PHES) and pumped hydro gravity
piston storage (PHGS). As discussed by Nguyen in his resedttedygh energy density of

PHES
beat

s |
i ng

ower

than | i

t hi

um

i on,

t he

generate an awial 31.8 GW, or an average hourly of 3.6 MFMégelquist, 2019)
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The focus of this projeatill be batterystoragefor energy generated through the photovoltaic
panelsAn energy torage slution proposed will take intoonsideration a hybrid system with

the grid. Looking into current and global situations, trends, and technologies related to
Automated Transit NetworK®\TN) and energy storageill give further insight on a solution

This project investigates and propoaedesign of a modular energy storage unit solution that can
be deployed throughout the network in appropriate configurations to match localized power
needs.

1.10Objective

The objective of this project is to propose a design for an energy storage uraintbat c
deployed for the Superway network in configurations thatbe used to capture, store, and
supply the energy needed to power the Superweed syBhemesearch done aims to:

1 Investigate current research and technology related to ATN, photovoltaics, energy
storage, utilityscale systems, and the grid and standards.

Approximatetheenergy generated by the network

Determinethe anticipated energy demafat the NS campus transportation network
Investigate the granularigf design

Determinethelocation of battery unit(s) relative to energy demand source
Determinethe major components/hardware requifedthe storage solution
Investigate commerciallgvailable solutions

Investigate projected costs

= =4 -4 4 4 8 9

1.2 Literature Review

The following literature review provides background informatielevant tahe Spartan
Superwg. Automatic transit networks and their characteristics will be discussed, followed by
photovoltaic and battery technologddditionally, utility -scale systems and grid related
information will be discussed.

1.2.1 Automatic Transit Networks

An ATN can be defing as an autonomous dffi ne gui ded sy s-teenamd,t hat pr
nonstop, origintood est i nati on serviceso and consists o
t hat carry | ugRurmanetfale2014pUnlkesaatongneouspersonal vehicles

that depend on integrated sensors to get around, ATN depend primarily on a central control
management for vehicles within the netw@fkrman et al, 2014. Typically, the complex

systems of an ATN will consists of seftre, electric and electronic hardware, guideways,

vehicles, stations along with equipment and materials, power source, and operations and
maintenance facilitie€~urman.et al, 2014. The market and supplier availability for ATN

projects is limited, witltredible suppliers being able to deliver an ATN project-d@b5Stations

r
f

3



after two or three years from the start of construdfurman,et al, 2014. Currently, there are

only five systems in the world that qualify to be classified as AlFfdsman.etal., 2014. The

Spartan Superway plans to be another, with the ability to operate from stored Anefg\N
coupled with solar power generation can offer
levels of service and environmental sustainahilfiurman.et al, 2014.

A

Figure2i Concept of a solar powered automated transit sym.ce:(Furman,et al, 2017.

The Spartan Superway ia automatidransit network project being undertaken at San Jose State
Universitythat can offer development in pubhealth and transportatiom addition to cutting

down onemissionsATNSs can also increase traffic safefspects associated with traffic safety

in the transportation sector incluttaffic accidents and road congestion. A study conducted on

the relationship of accidents and commercially gentrified areas, such as the Bay Area,
deter mi ned t h a trified taositaonentec distadtslinybotlgLesnAngeles County

and the Bay Area have 2.25 and 2.1 times higher collision rates per year respectively than those
station areas that have not (Genxafezrral,20093@d c o mme
of the manyfactors contributing tohigher collision rateg having more cars on the road. As
mentioned in a journal about implications of global shift towards electric transportation, there
would be a reduction of vehicle congestion and road infrasteu@fim & Chaturvedi, 2015)

An autonomous transportation network that operates from solar panel generated energy would
serve as an example to changes that can be implemented locally and globally for the betterment
of transportatiopenvironmentand public safety.

Determining energy requirements toe systenis neededA simulation based on Madagascar
Cityds personal rapid transit system deci ded
Wh/km while estimatingn average energy consumption of 4000 kWh per(dagller &

Sgouridis, 2011)Determining powedemandf an ATNwill be critical whensourcingbattery

storage components. In a simulation to determine traction power of arP&RIMN/ehicle, a peak

power demand of about 22.5 kW with an average value of 2.75 kW was cal¢Hleréalvski,

2018) An article by DasczukDaszczuk, 2019 r oposes fsever al benchmar
and their characteristicso that can be taken
Although many of the systenasid technologiediscussed are not identidalthe Spartan



Superway, theynayshare similarities that can make the findings or calculation a good reference
when designing a battery package for the Spartan Superway.

1.2.2 Photovoltaic Technology

Within an hour, he sun provides enough energy to nggebal energy needs fopproximately
oneyear(Messenger & Abtahi, 2017V panels ar@ne type ofenewable energy technolagy
Theygenerate electrical energy from the energy provided by sun in the form of light. The design
foundation ofPV systems ar@V cells(Messenger & Abtahi, 2017) I n general , a
cell produces less than 5W at approxirhafe5 Voco (Messenger & Abtahi, 2017As a result,

cells are connected in serparallel configurations tmeet the power demands of higawer
applicationgMessenger & Abtahi, 2017Research done in 2011 listexystalline, thin film,
compound, and nanotechnologyfasr major types oPVsare(Chaar.et al, 2011. Recent

research shows that current sd?& technologies are crystalline, thin film, hybRY, dye

sensitized, and organfgumar & Kumar, 2017)This section will focus on crystalline and thin

film technologiesCrystallinePVs use silicone for cells and can be classified as mono
crystalline, polycrystalline, and emitter wrap throu¢@haaret al, 201J. At the moment,

25.6% has been the highest reported efficiency for a single crystalline silicon solEuoedr

& Kumar, 2017) Thin film PVs are made bgiepositing thin layers of certain materials on a

glass, polymer, or metal substrafgsimar & Kumar, 2017)Thin film PVs can be made from
amorphous silicon cell€admium Telluride/CdS cells, Copplerdium-Selenide and Copper
Indium-Gallium-Diseleni cells, and Copper zinc tin sulfide céksimar & Kumar, 2017)

Efficiencies of thin film solar cells generate concerns due to their high captuf&ilmsar &

Kumar, 2017)Many solar cells are put together to make BWemodule and modules are

grouped to create a solar array.

PV Cell Technology Band-gap Manufacturing Efficiency Record  Record Holder/Yr. [Country] = Market Applications
[eV] Processes [%] Share
Crystalline Silicon Civil Applications (e.g. devices, residential,
Mono-crystalline 1.11 Cz-Si, float-zone, BST 27.6 (26.1)" Amonix/2005 [US] (ISFH/ 24% commercial, and utility-scale power plants)
2018 [DE])
Poly-crystalline 1.11 BCG, block-casting 223 FhG-ISE/2017 [DE] 69%
HIT 1.11 Deposition 26.6 Kaneka/2016 [JP] < 1%
Micro 1.11 PECVD, HWCVD 21.2 Solexel /2014 [US]
Thin-film
CIGS 1.7 scr.-print, coat, 23.3 (22.9)" NREL/2014 [US] (Solar < 2%
MOCVD Frontier/2018 [JP])
CdTe 1.5 sputter., HVE, MOCVD  22.1 First Solar/2015 [US] 3%
Amorphous Si:H 1.5-1.8 PECVD 14 AIST/2016 [JP] 3%
GaAs 1.42 VGF, BST, LEC, 30.5 (29.1)° NREL/2018 [US] (Alta- Non-cml. Spacecraft Applications
MOCVD devices/2019 [HK])
Multi-junction multiple MOCVD, mech.- 46 FhG-ISE|Soitec/2015 [DE|FR]
stacking
Emerging Research
Organic 1-4 Roll-to-roll mfg. 15.6 SCUT-CSU/2018 [CN] (still under development)
Dye-sensitized =32 Roll-printing 11.9 Sharp/2012 [JP]
Perovskite =1.5 spin-coat, scr.-print, VD 28 (24.2)° Oxford PV/2019 [UK]

(KRICT-MIT/2019 [KR-US])

Figure31 Current characteristics overview of solar photovoltaic cell technoldgmsce:
(Shubbak, 2019)
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PV modules or panelsgcanhave an output power peaking anywhere from a few watts to more
than 400N (Messenger & Abtahi, 2017) A At ypi cal array +#okWput
although megawatt and gigawatt arnMessgnger&r e
Abtahi, 2017) PV systems may benefit from batyestoragehroughenergy storage, transient
suppression, system voltage regulation, and a source of current that can be moreRian the
array cpabilities(Messenger & Abtahi, 20177 PV moduleand array have a DC output which
might be required to go through an inverter to convert tqMe&ssenger & Abtahi, 2017A PV
system connected to the utility grid has the option of giving the grid excess energyegkeoerat
using energy from the grid whét/ generation is not enougMessenger & Abtahi, 2017)

When connectingV systems to the grid, certain considerations musobsideredFor
instance, fda gri d ccorporate suttableintefgcsmd cecotryrsetieatltise
PV system will be disconnected from the grid in the event of grid failiMessenger & Abtahi,
2017)

Looking at trends of materials prices going down and global studies in the storage field is of

importance to build an optimized systdiV systems costs are expected to decrease around 30%

until 2026, with modules and inverters showing the most reduction ofaoste, 2016) This
will make such systems much more accessible.

1.2.3 Energy Storage

p oW
now

o i

Energy can be stored through various methods. Current types of storage include electrochemical

and battery, pumped hydro, magnetic, chemical and hydrogen, flywheel, and ttherotal
Fayegh & Rosen, 2020Furthermore, battegs can be under the solid electrode or flow battery
category. Battery energy storage systems operate on a similar principle where each cell
containing two electrodes, a cathode and anode, and an electrolyte, convert energy between
electrical and chemicahergy(Luo, et al, 2015. During discharge, electrons are provided from

the anodes and collected at the cathodes. During charging, the reverse happens as voltage is

applied at the two electrod@suo, et al, 2015. Different chemistry combinations are available,
such as sulfur and oxygen for lithium ion batteries, each having certain charact@restics
Noorden, 2014)

discharge  _ +) Cation

—) Anion

Figure4i General setupnd internal structuref batteriesSource(Luo, et al, 2015.



1.2.3.1Lithium and Related Battery Storage

Various options within the solid electrode battery category are available and are constantly being
studied. A recently published article compared fditferent battery types for electric vehicles.

The batteries compared were Lithium lon-{&n), Molten Salt (NaNiCl.), Nickle Metal

Hydride (NkMH), and Lithium Sulphur (LiS). The authors concluded that Molten Salt batteries
where the best choice inrtes of energy consumption, with a consumption of 12.6 kwWh/100 km

(Iclodeanetal, 2013). Addi tionally, they offer |l ow price
functioning under nor mal (fladeampgtali20l)sA i n har sh
di sadvantage is the need to have an external

the possibility of the electrolyte solidifying if the vehicle is not ugktbdean et al, 2017.

Nickle Metal Hydride batteries had a fair energy consumption of 15.7 kWh/10M&reover

they are not too efficient, have an increased energy density,ang, la@d the technology can be
considered outdafégclodean.et al, 2017. Lithium Sulphur had a consumption of 17.2 kwWh/100
km, making it the highest energy consumption battery of the(foledean et al, 2017. Their

light weight, high energy storagapacity, and low price compared to other batteries make it one
of the best solutions for systems with high storage requirerfielddean et al, 2017. Lithium

ion batteries have a modest energy consumption of 14.7 kWh/1QRlkatean et al, 2017.

They are useful where fAresponse time, small d
(Luo, et al, 20159. In general, lithium ion batteries have an energy capital cost of 3,800 $/kWh,
they can have cycle efficiencies up to 97% with a cycle lif200®00 cycles, energy density of

500 kwh/n?, and specific energy of 200 Wh/kguo, et al, 2015. They are the most used
technology in electric vehicles due to their declining cost, manufacturing technology, cycle life,
low weight, and high energy potélt(Iclodean.et al, 2017. On the other hand, they can have
high operating temperatures, which could have negative implications on performance and
lifecycle (Iclodean.et al, 2017. An additional consideration to take into account with lithium

ion batteries is the effect the depth of discharge can have on the lifetime of the(hatieeg

al., 2015.

As with other design challenges, safety must be considered. Libiubmtteres have been

known to pose a flammability hazafidessenger & Abtahi, 20175ome electrolytes used in

lithium-i on batteries may consist of dimethyl <carb
ascaleof 0 4,indicatig  a hi gh r i(VWoRkg, eddl., 2014)rhis tmay cequde lithium
batteries to have a fAimore sophisticated batte
and temperature of ever yhargefMedsaenget SoAbtahp 200D ol c el
Searching for possible batteries with nonflammable or less flammable characteristics could be of
interest. To properly design a battery storage unit, it is necessary to understand and make

rea®nable assumptions about energy consumption and the factors affecting it.

1.2.3.2Lead Acid Battery Storage

Lead acid batteries are the most widely used rechargeable bdttanest al, 2015. They have
a lead dioxide cathode, lead anode, and sulfuric acid electrolyte. Characteristics of these batteries

7



are low capital costs of 5600 $/kWh, cycling life of up to 2000 cycles, energy density e#60

kWh/m?, and specific energy of 280 Wh/kg(Luo, et al, 2015. The charging characteristics of

lead acid batteries differ from those of other battery chemistries. For example, when compared to
lithium iron phosphate batteries, lead acid batteries require a float charge while ebystaru

maintained close to 100% state of charge, are capable of lower full cycles per day, and have a
slower charging ratéPower Sonic, 2020 he life of a lead acid battery can be drastically

reduced if subjected to temperatures change. For instance, the lifetime of the battery can be
Ashortened to 44% of its expecdVessengerAbtaht, i me at
2017) Toadd proper ventilation for battery iIs neec
(Messenger & Abtahi, 2017like pumped hydro, lead acid batteries can be considered a mature
technology, which have dnseen a small change in cost over the past two defiddeki-

Fayegh & Rosen, 2020A list of facilities that have implemented a lead acid system can be seen

in an article on current developments in electrical energy stéageet al, 2015.

,,,,,,,,, - VOLTAGE PER CELL
CURRENT
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CONSTANT CURRENT CONSTANT VOLTAGE FLOAT CONSTANT CURRENT CONSTANT VOLTAGE Clg'»:ggi I&:OHPA'::E?
5

VOLTAGE (V)

CHARGING CURRENT
©
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(©)

6 9 12 1 2 3
TIME (HOURS) TIME (HOURS)

LEAD ACID LiFePO,

Figure51 Chargingprofile of lead acid and lithium iron phosphate batteries.
Source(Power Sonic, 2020)

1.2.3.3Flow Battery Storage

Flow batteries can store energy using two electrolyte reservoirs, electrochemical cell, cathode,
anode, and membrane separékwohi-Fayegh & Rosen, 2020Jhe electrolytes can be pumped

from the reservoirs to the cell stack, or electrochemicallcet), et al, 2015. The cell stack

consists of two electrolyte flow compartments divided by an ion selective mémioeet al,

2015. The electrolyte solutns go through reduction oxidation reactions when charging and
dischargingLuo, et al, 2015. During charging, an electrolyte is oxidized at the anode and the

other electrolyte is reduced at the cath@de, et al, 2015. Flow batteries may suffer from

Al ower volumetric energy storage, higher ener
nonfl ow unitso, and ®esseager&tAbtdhi, 20E/Duriny discltarge, h e mi ¢
the process is reversed to outpléctrical energylLuo, et al, 2015. Currently, the vanadium

redox flow battery (VRFB) is one of the most mature flow battery sy@iemm et al, 2015
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Figure61 Vanadium redox flow battery diagra®ource (Luo, Wang, Dooner, & Clarke,
2015)

VRFBs have an energy capital cost of 1,000 $/kWh, can operate for abouti 116,000 cycles

with efficiencies up to 85%, energy density of 33 kWh/apecific energy of 30 kwWh/kg, and

can be designed to provide continuous power while discharging for 24 hours diomret al,

201%A study conducted to monitor capacity loss for a VRFB showed that after 140 charge and
discharge cycles, the cell capggdropped from 1245.4 mAh to 651.5 mAWei, et al., 2018)

The capacity | oss was fiattr i bdndlfeetlsassociatecche el ec
with the volumetric transfer of electrolyte from the positive intorilegative haltell and the

build-up of vanadium in one hatfell caused by the differential rates of diffusion of the different
vanadi um i ons adWeqaeatal, 2018 urtinesmarb, @ eeceet study on a VRFB
exanined the reaction of the battery under short circuit conditions. Under such conditions, the
flow battery was found to be Astable to exter
occurring under s e(Whtehaadet al, 2 T) iTesbesuitable®rosaying r i 0 s
applications, VRFBs can be adjusted in physical size. Recent work has been done for nontoxic
organic electrolytes to be used in flow batte(Msssenger & Abtahi, 2017However,

challenges tht remain include low energy density due to electrolyte instability and relative high
cost of operatiolfLuo,etal,2015. The Aincreased capital and op
batterieso is influenced by tforextennal stotagel pump s
(Koohi-Fayegh & Rosen, 2020 small list of facilities that have implemented a VRFB system

is shown in an article on current developments in electrical energy stbraget al, 2019.

o
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Figure7i Efficiency and lifetime graph of energy storage technologikese include flow
battery, NickleCadmium, SodiurSulfur, Lithiumion, flywheel, supercapacitors, and
superconducting magnetic energy storage. So(iKomhi-Fayegh & Rosen, 2020)

60

1.2.3.4Battery Cost Trends

One common goal that all battery combinations move towards is increasing capacity and
reliability while driving cost and size down. As w8V systems, there is a trend of cost of

batteries going down. A study conducted on battery packs for electric vehicles showed how there
was a decline of battery cost from about $1,000 per kWh to $410 per kWh in a span of seven
years(Nykvist & Nilsson, 2015)A recentupdate odithium ion utility-scalestoragesystem

cost projected that there would be a reduction in capital cost-62% by 2025Cole &

Frazier, 2019)This will be of benefit whertis time to purchase batteries.

1.2.4 Utility -Scale Systems

Utility -scale systems are globaflyesentand they provide examples of technology that can be

applied to similaprojects Research done for energy storage has resulted in various
recommendations for utilitgcale systems. For renewable energy storage, lithium iron phosphate
(LFP) batteries are recommended as most stable and plausible technology for the application
(Messenger & Abtahi, 2017Alternatively, researchers have found that flow batteries have

of fered acceptable energy densities recently
effective technology for utilihscale energy storagdMessenger & Abtahi, 2017or flow
batteries, good energy density has been achi e
costeffective technology for utiliss ¢ a | e e n e (Mgsgenge& Abtatd, @049 Various
optionsareavailable for ap application.
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Recent research done in the utigiyale system arean giveinsight intooptions available for

large scaled system#\n analysis on European policy and market veaeently conducted to

study the effects of reusing electric vehicle batteries for their electricity grid. The analysis
concluded that Adespite feasedfelectgc vehicle ateeses of new
should be considesteadntad| leabea t@ue el 2013fDpilgy c h ai
so could also generate employment when having batteries repurposed and lower the demand for
new batteriegGur, et al, 201§. This could be something to consider when it is time to purchase
batteries when the full build takes pla&emilarly, UC Davisset up a microgrid electrical energy

storage system intended to store energy generated from solar panels utilizing usetdddissan

electric vehicle batteries for their winery and food science buil@agk) A journal on utility

scale power tower solar systems discusses two types of test runs that test performance. The two
tests are essentially a powest and a reliability te¢Kearney, 2014)The two tests described

can serve as guidelines for what testing procedures can be used to check the functionality of the
battery storage system being desijne

Planning agrid tied system must take into consideration costs and layout@ndlysis

conducted on residentiBV systems with battery storage shemlinsight ofcosts associated with
renewable energy storagey st e ms . Emphasis was plyao®P¥ on t he
size optimization to balance battery utilization, seifficiency, and sel€ o n s u m@enio,o n 0
et al., 2018)Although specific values can vary by location, a minimum levelized cost of
electricity of about $0.11 pé&iWh was calculated for 7 kWh of stora@eervo, et al., 2018A

U.S. utility-scalePV and storage costs benchmark report concluded that the cost of a lithium ion
system with 60 MW installed capacity with an assumed battery price of $20%&uld be

between $380/kWh and $895/kWh, for a 4 hour and 0.5 hour system respg&iveRemo, &
Margolis, 2018)I n a d d i-lecatiogrthePV ana storage subsystems produces cost savings
by reducing costs related to site preparation, land acquisition, permitting, interconnection,
installation labor, hardware, overheadn d p(Fuget al, 2048. DC-coupled systems were
found to have an 8% lower cost than a separately sited s{fStest al, 201§. DC-coupling

had a 1% lower cost than A€upling(Fu, et al, 2018. The report offers more information on

DC andAC systems differences.

Adaptations of technology and methods used in current systems around the world can be
implemented onto the Spartan Superway project accordi@glyher t han cost savi
considerations, system performance, designfiexibb t y, and operations and
added factors to consid@fu, et al, 201§. Studying and analyzing these systems will allow for a

better overall design.

1.2.5 The Grid and Standards
The grid is made up of severahincomponents that allow electricity to be transferracific
Gas & ElectricCompany(PG&E) is a gas and electricity utility compafased in California,

that provides its services to areas such as the Bay Armea.electric grid system consists of
PG&E generators, independent generators,aftdtate generatorransmission systesn
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substations, distribution systepand individual services. They use voltages ranging 2@V
to over 500 kMo deliver electricityUnderstanding the grid and its compais is important
when planning for a grid tied system.

PG&E's electric system () P PSS

Click here to play all, or use the numbered
buttons to play each section

FigureBT PG&EOGs el ectr i c s SoarteSmemakaradld).c o mponent s

" Above 50,000 V (69 kV up to 765 kV) e

Step ’
i - 11
Pr'ﬁ

Step
120V - 240
T 12,000 V.(12 kV)

Business

Figure91 Typical voltages used in the electric gighurce(Shoemakem.d.).

In California, the California Independent System Operator (CAfs@a nages t he fl ow
electricity across the higholtage, longdistance power lines for the gd¢CAISO, n.d.) They

provided a curve, known as the duck curve due to its shape, that presents the electrical load on

the grid throughout the day. As a result of shbstantiatenewable energy generated, there has

been an ovegeneration challengé®ark n.d.). With PV systems, there is over generation during
thedaytimeyielding grid energy generation to quickly ramp down their power o(Rark

n.d.). During the evening or towards the night, the solar panels do not generate much, if any,
electricity, leading the grid to having to quickly ramp up their generéark n.d.). Energy

storage can help alleviate this issue by storing some of the excegg @ne discharging during

the night to lower the demand of electricity from the @¢Rdrk n.d.)). The college of engineering

at UC Davis set up their owd iriedr dartitce,r i essi,n d
building to experiment and addsethe over generating challenge. They found that electrical
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energy storage helped more during the sunmegardingcost and C@reductiongPark n.d.).

During the winter, grid power was used to charge the energy storage sgstieene was less

energy gearated by the solar panels. Having a system integrated with the grid can be of benefit
to the grid and the system being worked on.

Typical Spring Day
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Figure107 Duck curve provided b A 1 S.@dusce (CAISO, 2016)

A PV system with energy storage must be up to certain estabBsiadards if it is to be
connected to the grid. These standards fdare ¢c
and will support the commercialization of the PV technology, reduce manufacturing operating
costs, and ensure a safe and reliableape i on o f pWuwetal, 2047 Istereatioaad
standards such as IEEE 157, IEC 61727, and IEEE Std 929 havebeified and merged into
national standards by the W®/u, et al, 2017. A book onPV systems engineering discusses
codes and stalards at a more national le\{®essenger & Abtahi, 2017More of these codes

and standards that are relevant can be seen Apiendix In addition to these electrical system
standards thstructural side of the project will have to be up to other standards. The American
society of civil engineers (ASCE) incorporate ATN in the family of automated people movers
(APM). As a result, they amubjected to safety standards that apply to driverless metros, shuttle,
and circulatorgFurman, Fabian, Ellis, Muller, & Swenson, 2019 add, existing standards

might need to be broaden for ATN as they can be more cor(fpleman.et al, 20149.

Standards are in place for various reasons and they must be looked at and built upon to have a
system that can be integrated into an area.

2.0METHODOLOGY

The methodology section of this report will describe the steps talehieve the project
objectivesDesigning an energy storage unit requires determining the size of storage needed
through energglemandandsupplyanalysisA Matlabcomputational model created by
FogelquistFogelquist, 2019)s used to calculate energy demand and supply for the transit route.
The purpose of this to build on top of previous research done for the rdtnergy demand

and supply are converted to values based onfomaearer analysisn google sheets
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Additional factors, such as safety, standards, and @stspnsideed as wellA design case
study is done to explore a custom solution and deterogistics of a storage unit for the
system.

2.1Energy Demand

The energy demand thesystemwill be ofhelpto determineheenergystorage capacity
neededThe model created by Fogelquistused to approximate the annual energy demand of
the transit route.

The trip time equation is used to evaluate the time it takes a vehicle, or podcar, to travel from one
location to anotheiror the Superway, this will represent the time interval wreareling

between two stations. As displayed by Ander@amderson, 1978)the trip time can be

calculated wittthe following equation:

e o

© © PP @
5 <o o O

8:| e-

The variables and their descriptgfor equation {) are:

=

O (trip time): Time for station to station travel (\nderson, 1978)Fogelquist, 2019)

(Furman, 2016)

1 o (dwell time):Time spent at a statids) (Anderson, 1978]Fogelquist, 2019)
(Furman, 2016)

1 'O (average trip distance): Average distance traveled between station to station, or in
time & (m) (Anderson, 1978(Fogelquist, 2019jFurman, 2016)

1  (line speed): Operating speed of vehiclesiAnderson, 1978)Fogelquist, 2019)
(Furman, 2016)

1 & (maximum acceleration): Maximum vehicle accelerafidnderson, 1978)
(Fogelquist, 2019jFurman, 2016)

f  0(jerk): Derivative of acceleration with respect to time @n/a is the ratavhenan is

reachedy is the ratavhenan reaches zer@Anderson, 1978(Fogelquist, 2019)

(Furman, 2016)

Andersormentions that the relationshipdkc an be assumed wdinen fideal.
st at i on(Amdgrson, 29783A6 a result,iie equation is further simplified aflowing J
= J = an for an ATN(Fogelquist, 2019)The simplified equation is shown by Fogelquist as:

0 o

8:| e-

0 o

An energy equation established by Anderson is used to determine energy required for a vehicle,
or podcar, to travel from one station to another in trip tigd¢Anderson, 1978)
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The equation was modified by Furman to incorporate a static rolling resistance correction factor
(Fogelquist, 2019jFurman, 201y The correction factor was int:
resistance of the switching wheeltsd way si de (pdgelgkist, 2013)Tlaking iato
considerationheseadditionalcharacteristics of ATNsan yieldbetter resultsThe modified

eqguation with the static rolling resistance correction factg) (& dispayed agFogelquist,

2019)
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Variables for equatiordj can be describes as follows:

1 —I (average motor efficiency): Average efficiency of motor in veh(Elmgelquist, 2019)
(Furman, 201p

1T - (regenerative braking efficiengyKinetic energy proportion recovered through the

regenerative braking system during one tfpgelquist, 2019)Furman, 2016

0 (number of vehicles in trajnAmount of vehicles traveling together within the

network(Fogelquist, 2019)Furman, 2016

a (vehicle mass Mass of one vehicle (kdJrogelquist, 2019)Furman, 2016

" (airdensity: Density of air (kg/m) (Fogelquist, 2019jFurman, 2016

0 (drag coefficient Coefficient of dragFogelquist, 2019jFurman, 201p%

0 (frontal arey Frontal are of ongehicle (nf) (Fogelquist, 2019jFurman, 2016

&w Qmean square wind speedverage of the squared hourly wind sp¢Edgelquist,

2019)(Furman, 201p

Q (static rollingresistance correction facjoCorrection factor for static rolling

resistance used to integrate switching wheels and wayside pickup friction forces of an

ATN vehicle(Fogelquist, 2019)Furman, 201p

1 o6 (static rollingresistance coefficientCoefficient for static rolling resistance
(Fogelquist, 2019jFurman, 201%

1 "Qacceleratiorue togravity): Acceleration due to gravity (nfjs(Fogelquist, 2019)

(Furman, 201p

Y (wheel radius Radius of wheels on vehicle (rffogelquist, 2019jFurman, 201}

1 6 (dynamic rolling resistance coefficign€oefficient of dynamic rolling resistance
(Fogelquist, 2019jFurman, 2016

= =4 =4 A -2 =

=

=
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1 «wQ (average change in elevatjo£hange in elevation for an average trip from one
station to another (nm{Fogelquist, 2019)Furman, 2016

0 (auxiliary powe}: Auxiliary power demand of a single vehicle (W). This can
include items such as air conditing load, door control, and ligh(sogelquist, 2019)
(Furman, 201p

Thehourly system energy demand will be calculated with results frorooimgutational mode
The results of the model includ@mber of vehicles on route, average system power demand,
and annual system energy deméRdgelquist, 2019)The following equation is used to
determine hourly demand afvehicleon the transit route.

o 2 ®)
U
The variables are:

1 O (vehicle hourly demarydHourly energy demand of one vehicle within the system.
Fogelquist use® 0 in place of this variablan (Fogelquist, 2019)

1 O (averagesystemdemand)Average hourly energy demand of the system. This value
iscalculaé d f r om F o g gqHogelguiss 20093 mo d el

1 0 (number of system vehiclesNumber of vehicles in the system.

To better approximate the energy demands the system faggun an hourly basjslata from a
local shuttle transit system is implemeni@&tho, 2016) Since the shuttle and Superway have a
similar route the hourly passenger data pertaining to the shuttle @pllasent thaumberof
passengers theuperwaysystem might have to transparithin a day Passenger data from the
busiest day is use®oing so will yield results for what a most power demanding day would look
like. First, the number of vehicles needed is calculated based on a maximum occupancy of s
passengers in a Superway vehicle using equad)ofTliis value is calculateaburly for one day

and rounded up when the answer is a deciiiat is done to get a whole number for number of
vehicles.

- ©)
V]

The variables are descried as follows:

1 0 (number of vehicles needed): Number of vehicles needed for the Superway to
transport a number of passengers based on park and ride shuttléhtatalue is
calculated for each hour, for one day.

1 0 (number of shuttle passengers): The number cfgragers that used the park and ride
shuttle.This value is not constant each hour.
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T 0 (maximum number of passengers): The maximum numbeassfengerthat can use
oneSuperwayvehicle.

The hourly system demand is computed using the following equation
(0] 0 O (7)
Where

1 O (hourly system demandjiourly energy demand afystem based on statistics for
park and ride shuttle.

2.2Energy Supply

The energy supply for the Spartan Superway is intended to approximate the electrical power
supplied by the PV systenfhis is done through a simulation using the computer model created
by Fogelquis{Fogelquist, 2019)An excelsheet with hourly data of power generated for a year
is obtained from the simulation. Theodelconsiderghe route, irradiance, shading, and array
profile (Fogelquist, 2019)

The hourly array power output éslculated with equatior8) (Fogelquist, 2019)

O - 0 50 5 0 fR0 & (8)

The variables can be detailed as follows:

Ca

i . Hourly array power outpyfogelquist, 2019)
: Electric efficiency syster{Fogelquist, 2019)
: Number of subarrays in the arr@yogelquist, 2019)
i 1 - Hourly DC power output of a single unshaded modktgelquist, 2019)
i Hourly number of unshaded modules in suba(Fogelquist, 2019)
i i . Hourly DC poweroutput of a single shaded modgfogelquist, 2019)
i - Hourly number of shaded modules in subafi@ygelquist, 2019)

=4 =4 4 48 48 -8 -9

C: Ca C: Ca Cs

Electrical efficiency includes the efficiency of the invefter ), wiring (— ), electrical
connectiong— ), and module mismatgr ). This is seen in equatioB)((Fogelquist, 2019)

- - - - ©
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The hourly power outputs of the leg and canopies of the stati@udesl to get the hourly power
output of the systert0 ) (Fogelquist, 2019)

0 05 (10

The overall power output for each day in a year is calculated froonothputedhourly power
outpus of the systemFrom the 365 values calculated, the least productive ddpsenand its
hourly power outputs are collected for further analysis.

2.3Surplus

The net power surplus was analyzed per day for the year to get a better understaheing

power generatedna the power demand positive net power surplghows that excegpoweris
available for storager exporting to the utilityvhile a negative net power surplus will be a result

of power demand being greater than the power being genefdisdnll be calculated by taking

the difference of the power generated per hour a day for a year and the power demand per hour a
day for a yearThehourly demand values for the most demanding day based on the shuttle data
will be used for all days of the year wheadaulating the difference. The following equation will

be used to calculate the surplus wheris the net surplus power ; is the hourly power output,

ando is the hourly system demand.

Y 0y ©O (11)
2.4 Electric Energy Storage Size

Sizing of the storage is based on ¢hectricaldemand aneélectricalsupply values calculated on
an hourly basis for a day. Tle¢ectricaldemand usedata from the park and ride shuttle to
establish what a most demanding day could look like. The day with the least amel@ctrifal
energygenerated is used to establiskleast producing day. A graphical comparison of these
two data setsvill represent what an overall worsasescenario for alaycouldbe

To simplify calculating the amount ehergystorage needethe hourly electrical demands
(O ) are summed tobtain the total electrical demafi@ ) of the most demanding day.

O O (12

The same is done for energy supflie hourly electrical supplfd ) is summed to obtain
the total electrical energy suppli€é@ ) during the least producing day.

0O 0 & (13
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The values are subtracted to evaluatedked amount of electrical energy available to be stored.
This is done under the assumption that no further loses are present.

O O © (14)

This method is an alternative to finding the area under both curves pddoltiee data seThe
value calculated represents the minimum amount of energy storage teestted energy
produced bySupew a y 6 syst®mdn a worsicase scenario daioreover, looking at the
overall electrical demand for the busiest day shows how much storage would be needed to
operate the Superway system solelystoredelectrical energy.

To properly determine load on batteriés), a wiring € ) andinverter & ) efficiency are
accounted for as shown in equatidb)((Messenger & Abtahi, 2017)

5 O (19

- ¢

To further characterize the batteyd systentbased on voltage or currettie generagéquation
(16) can be used.

0 &0 (16)

A rearanged and slightly modified version @duation {6) is used taovert the load on the
batteries taurrent loadsn Amp hoursas shown in equatiod?) (Messenger & Abtahi, 2017)
The load on the batteries () is divided by the nominal voltages( ) of the system. Itan be
multiplied by a factor of 1.25 to account for batteneeding to shut down and recharge once
they supply no more than 80% of their capa@ityessenger & Abtahi, 2017)

o b (17
W

2.5 Storage Design and Layout
The storage unit design and layout consist of taking the size of storage needed and determining

how to physically integrate it to the Superway netwérkigh-level mind map was created to
show what a battery storage unit could involve and how it relates to other aspects of the system.
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Figurelli Mind map of a battery storage unit for the Superway.

The design of the storaginit must be able to support a necessary number of batteries. Two
considerations for the design include designing a unit from scratch or searching for units readily
available in the market. For this projelobth options were explored. UtilHycale staaige units

currently available in the market were looked at for the latter agigamples of companies that

offer utility-s c al e st or a gMegdpackTesland262Q)T eGsillaf6i el dds | it hiu
storage unitgQilfield Instrumentation, 2020e n e r a ¢ §(Genesac, @01@Aggeg r e Kk 0 6 s
storaggAggreko, 2020)ABB (ABB, 2020) and EOSEOS, 2020)Many of these units have

temperature control, safety features, and can be scaled depending on storaff@ilfieétls

Instrumentation, 2020A comparison of such storage units can beedo show the most

potentially applicable for the Superway network.

The type of electrical coupling used between components in the system is considered for a more
optimized design. The two coupling options considered\@-«oupled oDC-coupled systems.

Their characteristics are evaluated to determine the best option for the system design presented.
Typically, in anAC-coupled system the electrical output of the solar panels is converted from dc
to ac with amicrainverter before it is distributed throughout the rest of the system. Another
inverter is used before the battery to convert fAa@to DC and allow electricity to be stored. In
aDC-coupled system, the electrical output of the solar panels typically re@siiC

throughout most of the system. An inverter is used to convertiGrio AC before entering the

grid for compatibility.
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DC-Coupled System

Solar PV System

‘ pc DCtoDC | DC | Battery Pack
be y| Converter |<—>| (Charge and Discharge)
DC
¥
Bidirectional AC
Inverter .
(DC — AC or i
AC — DC)

Solar PV System

AC-Coupled System
DC
y
PV Inverter AC Grid
(DC — AC) AC o
A

Bi-directional Inverter AC

(DG — AC or J

AG — DC)

DC | *oc
Battery Pack

(Charge and Discharge)

Figurel2i Configuration examples of DC and As®upled PV and storage systei@surce:
(Fu, et al, 2018)

Depending on storage capacity needed, the layout of storage unit(s) can be centralized,
distributed, or partially distributed. Units that are distributedid be located at each station of

the network. A centralized location of storage unit(s) could result in less storage units used and
offer higher convenience for maintenance and servicing of units. On the other hand, it will have a
larger footprint, wirdengthsmayhave to reackar network sections, and a failure could damage

the whole storage system. Distributed storage units would have a smaller footprint per storage
location, less wiring between units and network, and a failing storage unit would not risk the
whole system. Alterrtavely, the number of units needed increases according to the number of
stations and maintenance and servicing may be more demanding. Partially distributed units could
be a compromise between the centralized and distributed options.

2.6 Projected Cog
Approximating a cost for the system can be complex due to changingdustges in
technology due to developmenésd some unknown costs for componeAtsenergy storage

installation cost can be approximated using equafi@ngrovided in a storage systeiost
benchmark repoltFu, et al, 2018)
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Similarly, a report on cost projections for utilisgale storage useguation(19) to establistan
anticipated cost trenCole & Frazier, 2019)
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The cost trend establishedkigure 13is used to approximate the cost of the needed storage for
the Superway
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Cost of Power Components
(2018$/KkW)

Cost of Energy Components
(2018$/kWh)

100

0 0
2015 2025 2035 2045 2015 2025 2035 2045

Figurel3i Cost projectiongor lithium-ion systers. Source(Cole & Frazier, 2019)
3.0RESULTS AND DISCUSSION

This sectionof the reporwill discuss the analytical resultdtainedand discuss a proposed
design and layout of the storage unit for the nsahth route of the Superway.

3.1 Analytical Results

The following analytical sections show and explain results obtained to understand the demand
and supply of electrical energy fdret Superway. The demand and supply simulated values were
obtained through a computational simulationRdt canopies for solapowered transit designed

by Fogelquis(Fogelquist, 2019)The data obtained was further analyzed exanipulated to

show a worstase scenario for the route am hourly basis for one dayhis information was

used to determine size of electrical energy storage needed for the system to operate solely from
stored energy and no other source of energy.

3.1.1 Energy Demand Results
To determine energy demand of the systeamnious valuesind charateristics shown imablel.

wereused in the simulatiofhe simulation used equation (4) to calculate power and energy
values.
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Tableli Superwaytransit system characteristics for simulation

System and Foute Characteristics
Vehicle Mass (kg) 1900
Vehicle Frontal Area (m®) 4
Wheel Radius (m) 0.1524
Static Eolling Resistance Coefficient (m)  0.0014478
Drag Coefficient 0.51
Average Electric Motor Efficiency 085
Regenerative Braking Efficiency 03
Auxiliary Power Demand (W) 3300
Line Speed (m/s) 134
Headway (=) 3
Dwell Time (s) 20
Average Elevation Change (m) 0
Number of Vehicles 153
Number of Stations 14
Route Length (m) 14,900
Average Station Distance 149
Average Trip Duration (min) 229

The yeary energydemand of the system was calculated to be 14.1 . GWh vehicle hourly
energy demand was determined to be 10.4 KWks yields an approximate average efficiency
of .27 kWh/km peindividual vehicle The efficiency is among typical electric vehicle
efficiencies in the markét).S. Environmental Protection Agency, 2020)

3.1.2 Energy Supply Results

The computer model sizedPd/ canopy to meet the electrical demand of the system and
simulated the hourly electrical generation for a whole yearg equation (10)r'he total power
generated each day was calculated for a whole year, or 365Adayr:tion withingoogle sheets
was used to highlight the lowest and highest value from all the vdlnesighlighted values
corresponded to a specific ddyhe hourly da from the highlighted daysesegathered and
graphed. A total power of 7.3 MWW adaywas the lowest generatedwer for the year. A total
power of 131.9 MW was the highest generated power for theearly energy generated
resultscan be seen imable 2for lowest producing day
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Table2i Energy supply to system.

Time (hour) Energy Output (kWh) Time (hour) Energy Output (kWh)
1 12:00 am - 1:00 am 0 1 12:00 am - 1:00 am 0
2 1:00am - 2:00 am 0 2 1:00am- 2:00 am 0
3 2:00am- 3:00 am 0 3 2:00am - 3:00 am 0
4 3:00 am - 4:00 am 0 4 3:00 am - 4:00 am 0
5 4:00am- 5:00 am 0 5 4:.00am- 5:00 am 0
6 5:00 am- 6:00 am 0 6 5:00 am - 6:00 am 655.41
7 6:00 am - 7:00 am 0 7 6:00 am - 7:00 am 2,496.71
8 7:00 am - 8:00 am 0 8  7:00 am - 8:00 am 4,718.38
9 8:00am-9:00 am 319.47 9 8:00am - 9:00 am §,022.70
£ 10 9:00 am - 10:00 am 733.64 _ 10 9:00 am - 10:00 am 11,353.48
§« 11 10:00 am - 11:00 am 1,004.81 % 11 10:00 am - 11:00 am 14,109.19
o 12/ 11:00 am - 12:00 pm 1,187.19 % 12/ 11:00 am - 12:00 pm 15,764.78
2 13 12:00 pm- 1:00 pm 1,181.39 z 13 12:00 pm - 1:00 pm 16,337.58
g 14 1:00 pm - 2:00 pm 1,072.75 E 14 1:00 pm - 2:00 pm 15,799.92
A 15 2:00 pm - 3:00 pm 1,258.78 15 2:00 pm - 3:00 pm 14,526.06
16 3:00 pm - 4:00 pm 519.66 16 3:00 pm - 4:00 pm 12,256.73
17 4:00 pm - 5:00 pm 51.50 17 4:00 pm - 5:00 pm 8,469.55
I8 5:00 pm - 6:00 pm 0 18 5:00 pm - 6:00 pm 5,248.03
19 6:00 pm - 7:00 pm 0 19 6:00 pm - 7:00 pm 2,184.21
20 7:00 pm - 8:00 pm 0 20 7:00 pm - 8:00 pm 0
21  8:00 pm - 9:00 pm 0 21 8:00 pm - 9:00 pm 0
22 9:00 pm - 10:00 pm 0 22 9:00 pm - 10:00 pm 0
23 10:00 pm - 11:00 pm 0 23 10:00 pm - 11:00 pm 0
24 11:00 pm - 12:00 am 0 24 11:00 pm - 12:00 am 0
== Minimum Energy Output (KWh) == Maximum Energy Cutput (KWh)
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Figurel4i Minimum and maximum energy outputs of system.

3.1.3 Power Surplus Results
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The power surplus was calculated using equation (11). The differeetveeerhourly power

supply and power demand were calculated for each hour of a day for a whole year. The net
power surplus was then calculated per day for a whole year. Looking at the results from an
hourly perspective gives insight inidhat time of a day the systermagnneed utility energy

supplied and when it would be able to operate only from the PV generated energy. Looking at
the results from a daily perspective gives insight into how much energy would be available for
storage at the end of the day.

Power Surplus (W)

Figurel57 Daily net power surplus for year.
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Hourly Generated and Hourly Demand Power Comparison
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Figurel6i Hourly power generated and demand for most busy day in model.

3.1.4 Electrical Energy StorageSize

The energy demand and supply weoenpared to determine the required storage $hze.

hourly number of passengers collected from the park and ride shuttle is shdainlén3for the

busiest dayThe number of vehicles needed was calculated sjngtion (6) while assuming a
maximum occupancy of six passengers per vehitie.vehicle hourly energy demand was used

to calculatelie hourly system demand based on passengewihtaquation (7). Ta hourly

demand of the system calculated represents what a most demanding day could look like based on
passenger dafeom a transportation shuttle that has a similar route.
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Table31 Energy demand on system based on passenger data.

== | east Busy Energy Demand (kWh)

Most Busy Energy Demand (kWh)

S~

Time (hour) Passengers Vehicles Needed Energy Demand (kWh) Time (hour) Passengers Vehicles Needed Energy Demand (kWh)

1 12:00am-1:00am 0 0 0 1 12:00am - 1:00 am 0 0 0

2 1:00am- 2:00 am 0 0 0 2 1:00 am - 2:00 am 0 0 0

3 2:00am-3:00 am 0 0 0 3 2:00 am - 3:00 am 0 0 0

4 3:00am -4:00 am 0 0 0 4 3:00 am -4:00 am 0 0 0

5  4:00 am-5:00 am 0 0 0 5 4:00am-5:00am 0 0 0

6 5:00am-6:00 am 0 0 0 6 5:00 am-6:00 am 0 0 0

7 6:00am-7:00 am 4 1 10.40 7 6:00am-7:00 am 15 3 31.20
= 8 7:00am-8:00 am 16 3 31.20 = 8 7:00 am-8:00 am 50 9 93.61
2 9 800am-9:00am 169 29 301.64 é 9 8:00am-9:00am 142 24 249.63
% 10 9:00 am - 10:00 am 56 10 104.01 +< 10 9:00 am - 10:00 am 134 23 239.23
3 11 10:00 am - 11:00 am 147 25 260.04 Eo 11 10:00 am - 11:00 am 232 39 405.66
g 12 11:00 am - 12:00 pm 144 24 249.63 E 12 11:00 am - 12:00 pm 272 46 478.47
~ 13 12:00 pm - 1:00 pm 89 15 156.02 ] 13 12:00 pm - 1:00 pm 208 35 364.05
::_ 14 1:00 pm - 2:00 pm 132 22 228.83 c;“ 14 1:00 pm - 2:00 pm 229 39 405.66
§ 15  2:00 pm - 3:00 pm 132 22 228.83 g 15 2:00 pm - 3:00 pm 160 27 280.84
.'-é 16 3:00 pm - 4:00 pm 47 8 83.21 ﬁ 16 3:00 pm-4:00 pm 147 25 260.04
“ 17 4:00 pm - 5:00 pm 101 17 176.82 17 4:00 pm-5:00 pm 146 25 260.04

18 5:00 pm - 6:00 pm 92 16 166.42 18 5:00 pm-6:00 pm 76 13 135.22

19 6:00 pm - 7:00 pm 55 10 104.01 19  6:00 pm - 7:00 pm 104 18 187.23

20 7:00 pm - 8:00 pm 49 9 93.61 20 7:00 pm-8:00 pm 55 10 104.01

21 8:00 pm-9:00 pm 28 5 52.01 21 8:00 pm-9:00 pm 37 7 72.81

22 9:00 pm - 10:00 pm 25 5 52.01 22 9:00 pm - 10:00 pm 43 8 83.21

23 10:00 pm - 11:00 pm 8 2 20.80 23 10:00 pm - 11:00 pm 7 2 20.80

24 11:00 pm - 12:00 am 0 0 0 24 11:00 pm - 12:00 am 0 0 0

I P
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Figurel7i Least and most busy energy demands on system based on park and ride shuttle data.

Figure18 shows a graphical representationtad hourly energy demand and supgliis was
used toanalyze a worstase scenario for the route.
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Figurel8i Energy supply and energy demand in waate scenario.

As seen on the graph figure 19, themornings and evenings have an energy demand that is not
covered by generated energy. Energy gener&ioancentratedhore towards the middle of the
day.The total energy demand of the system was calculated to be 3.67 MWh for the busiest day
This value vas used to establish the energy storage size needed to operate the system for one
day.Being that the system is intended to be connected to the grid, the storage system will be
sized to operate the system &drouttwo days since PG&E can take up to 24 mstio restore

electric servicainlessotherwise planned or factors that are out their control @PG&E, 2020)

A 2% energy loss for wiring between inverter and loads was considereztommended by
Messenger and Abtalilessenger & Abtahi, 2017Equation (%) and a multiplication factor of
1.25 suggested by Messenger and Abtahi weretaosgctount for more efficiencies and a
discharge safety. The actual storage size needed was computed to be 4.97 MWh forkeore day.
two days the storage size required would be approximately 9.95 MWh. This storage size could

also serve as a supplement taka up foranydiscrepancies energy demand and supply under
normal operation.
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Figurel9i Regions of overgeneration and shortage of energy for energy supply and demand
worstcase scenario.

3.2Electrical Energy Storage Unit

Thedesigrs for the electrical energy storage upioposed in the following sectioasebased off
values provided by the computational model and recommended sizing calculatiBns for
systemsThe recommended layout and distribution of the system is intended to improve overall
system reliability and maintain safety as a priority.

3.2.1 Design

The storage unit desigranbe based fb a storagecontainerdesignor a more compact unithe

largerunits canhavedimensions close to dimensionstgpical storage containgrThese could

be close teight by twenty feet~ourunit designs readily available in the market were chosen

based on their foreseen potential and applicability to handle the demands of the Superway
project.One unit desigoptioni s Tesl|l abés Megapack which offers
rated at 3 MWh marmum energy capacitfTesla, 202Q)Their product is scalableffers an aH
in-onetestedsystemhas low installation times, and the company helps with planning and
installation(Tesla, 202Q)Similarly, Tesla offers the Powerpack with a capacity of 232 kWh and
smaller footprin{Tesla, 202Q)They offer an even more compact storage unit known as the
Powerwall which offers 13.5 kWfTesla, 202Q)The othedargerunit design option iilfield

i nstrumentationés | ithi um b abteingiffeyentsizemanchagee un i
designed with features &afely handldattey storaggOilfield Instrumentation, 2020Y o add,
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an article on safety in large scale energy storage deployments suggests isolating battery racks to
help with fault detectiofFishman, 2020)T hi s can be considomoted as
include batteries with their storage units which leaves more fleyibiithoose battery types

and morecontrol overelectrical storage siz&able 4 shows the units and number of units

needed at each station or at four stations to meet storage requirékdeittenal technical
specificationssuch as operating voltagendinsions, and certificationsan be seen in the

Appendix section of the report.

Table4 i Possible it designsSource (Tesla, 2020)(Oilfield Instrumentation, 2020]Tesla,
2020) & (Tesla, 2020Q)

Specifications Tesla Megapack

-] -
R

Oilfield Instrumentation Model 20-2

Storage Capacity 3 MWh N/A
Dimensions fi5Smx5f3mx~8ft Whx8fix~8f
Battery modules, bi-directional inverters, thermal management system, AC Combustion resistant materials, thermostat, HVAC controls, humdity indicator,
Components / Features . = - - = o . N
main breaker. Controls audible and visual strobe warnings. and electric panels
Assembly Required No Yes

Renewable smoothing, T&D investment deferral, voltage support, capacity
support. microgrid, market participacttion, and frequency regulation
Team helps to identify custom site requirements and design a solution for

Applications Lithium battery storage and related

Support Can contact for custom project options

application
Weight N/A 13,800 lbs
Full Distribution 0.24 N/A
Partial Distribution 1 N/A

Tesla Powerpack Tesla Powerwall
Storage Capacity 232 kWh 13.5 kWh
Dimensions 41.1mx54.91nx86.2 m (inverter - 41.1 m x 54.9 n. x 86.2 m) 453mx296mx575m
c . . 16 battery pods, DC-DC converter, cell momitoring sensors, thermal control
omponents / Features L . . . - . .

system (liquid cooling) Connection point, liguid cooling, inverter, battery pack
Assembly Regquired No No
A - Outdoor rated, peak shaving, emergency backup, load shifting, demand Weatherproof, solar self-consumption, back-up power, time-based control,
Applications i B . . e . o

tesponse, microgrid, power production, grid reliability off-grid capabilities
Support Company support, certifications Company suppert, 10 year warranty, certifications
Weight 4,847 lbs (mnverter - 2,470 lbs) 2513 lbs
Full Distribution 4 53
Partial Distribution 11 185

3.2.2 Layout

The distribution of the electrical storage units was determined by taking into consideration the
number of units needed, reliability, and safety. A partially distributed layout was found to be a
compromise betweeafully distributedor centralizedayout. A partially distributed systentsan

offer less to thevhole storage system if one unit fails, require less wiring to raatation

reduce the total footprint taken at each location, and maintain reasonable maintenance and
servicing capabilities. Addiinally, the suggested locations of the units are surrounded by a few
fire stationsThis is beneficial as batteries can pose flammability hazards if theldatl.
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suggested locations to place the storage units arem8xperwaystations that are suiaded
by open spaces owned by San Jose State University.
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Figure207 Recommended locations for storage uattstation locations

Figure21i Possible locations for storage unﬁ@ﬁrcegoogle maps.

An electrical coupling systefior themaincomponentsvasdefinedto havea system in place
incaseanelectrical energy storage unit purchadeeésnot The two options for the storage unit
wereAC-coupling and D&oupling.As there are still many unknowns for the overall Superway
project,for this project it is probably best to present scenarios rather than specific
recommendations. If maximum efficienisya driving factor ér this project, a D&oupled
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systemcan berecommendeds it offers lower costs and maxiregefficiency between PV array

and batteryFu, Remo, & Margolis, 2018 ost are lowered due to ormgeding one

bidirectional inverter which lows the amount of hardware and materials neédegdRemo, &
Margolis, 2018)Overall efficiency of the system is maximized as having less components helps
with roundtrip efficiency ad PV array and batteries are directly conne(feg Remo, &

Margolis, 2018)To add, if batteries are purchased separately it is recommended to isolate the
battery racks to help with fault detecti(fishman, 2020)A general DGcoupled system
configuration can be seenfigure22. An AC-coupled system is recommended if retrofitting

and more flexibility with installation locatioof various componenis desiredFu, Remo, &
Margolis, 2018)

DC DC DC .
Solar PV System > Charge controller » DC to DC converter [ Storage Unit
(Charge and Discharge)
DC DC
DC
\ v
Bidirectional Inverter AC !
(DC —AC or B = Grid Superway
AC—DC)

Figure22i DC-coupled system general configuratidwapted from (Fu, Remo, & Margolis,
2018)

With a larger storage unit, two option are to either have a unit directly next to a station or a

distance away. Having a larger unit directly next to a station would require dbagtrs of

wire and related materials, avoid planning for other site, wisilele impact on station areand

closer to pedestrians, potentially putting safety of surroundings at highe®inslarly, a

smaller unit may impose similar effects on the areaitbuight be able to blend in more with

some sort of suspended installatibiaving a larger unit installed away from a station would

require longefengthsof wire and related materialseed more planning fdahesite,lessvisible

impact on station areand further frompedestriangpotentially resulting in less ofsafety

hazard in the case of failur& smaller unit placed away from a station would share similar
characteristicsAnother possibility would be tase acombination of larger and smaller tgai

The larger units can be used to storage the energy for the podcars while smaller units can be used
to power stationsNiring for a unit far away from a station could have cables ran undergosund
overheadlf a unit can be placed next to a statiorgrthhe wiring could run along the station.

While Autilities report that i1t can cost five
overhead |l ine, o underground wiring could be s
keep wires away from petap wildlife, or objectqThiele, 2019) Wiring for a unit at the station

will require choosing propeconduit conduit fittingswire gaugesand routing method$at

meet specification and standarBisrinstanceunder thenational electric code (NEC& 600V

circuit would have additional depth requirements that lower or higher voltage c{Cs&Byi,

2014)
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Figure231 What a unit the size of a storage container would look like in a parking lot located
next to a Superway statioBource: google earth.

W/ s

3.2.3 Cost

The cosbf the energy storage system was estimated to deteitmifirgancial impact on the
Superwayproject. The cost was estimatesing equation @ and graphs provided {Cole &
Frazier, 2019)Figure24 shows the projectelaigh, medium, and lowosts of the system based
on the year it is built.

52,500,000

== Low == Mid == High
52,000,000 \
51,500,000
51,000,000
5500,000
50

2020 2025 2030 2035 2040 2045

Figure24i Projected cost of system.

3.3Case Study

A case study was conducted to further analyzéatirs associated with implementing a

storage uniinto the system and the option of buying units available in the markeildmg

custom unitsFor comparison of storage units, the Tesla Megapack was chosen as the market
available storage unit solution due to its availability, storage capacity, ra&lisis widely used

in utility scale applicationsA custom unit was modeled entirely in Solidworks with a focus on
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off the shelf partsto keep the need for custom parts dpamdhigh-level system components
for it to be compatible for comparisoetdled drawingsof the custom unit can be found in the
Appendix.

3.3.1 Market Available Solution

TheTeslaMegapack was chosen to be the product for comparison due tavthigability and

battery storage solutions being widely implemeniea utility scale system$or exampleTesla
recentlystarted theleployedof Megapacks at a PG&E substation in Moss Landing, California.

This project is planned to consist of 256 Megapacks to haveagicaof up to 182.5 MW or

730 MWh. When operation, the fibatotredlthiumystem
ion battery st or a(bambest,2@)leispsojedtedo be bompleted within 0

a year and expected offer over $100 million in savings to the utility compghgmbert, 202Q)

An electrical utility reseller of power in Saint John, Canada recently signed a contraCesldah

to install a Megapack unit to alleviate costs and greenhouse gas emi3$iep®stimate a total

savings of up to $200,000 ayedrh e t ot al cost of the project, i
construction, purchase of materials such as a Tesla battery, and othets, i mFok,| i on o
2020) Arecentarticleon Tesl ads Megapack with questions a
CEO,[det er mi ned that Athe battery pack portion o
electronicsand er vi cing over 15 to 20 year Shahamke t he
2020) These articles provide insight on the cost of a Megapackunith can be used to

compare to a custom unit. With a price of roughly $300/laith a storage capacity ®MWh,

the total cost can be approximated to about $90Qe00legapack unitf the Canadian project

install costof $1.5 millionis taken into consideratiothenit can be approximated that for a

complete install after battexss and servicing costs, the remaining costs for things such as design,
construction, materials, and labman beabout $600,00(Emails were sent out to the company
throughout the project to validate the estimated costs and to get more accurate numbers.

However, no replies were received and as a result the numbers given and cited from the

c 0 mp aCEY weye the closest to actual pricing out there based on research conducted.
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B Design, Construciion, Materials, Labor [l Batiery, Power Hecironics, and Servicing

$1.500.000.00

$1,000,000.00

$500.000.00

$0.00

Tesla Megapack

Figure251 Tesl a Megapacko6s esti mat BodrceFax,2020%b a s e d
(Shahan, 2020)

3.3.2 Custom Energy Storage Unit

A custom unit was modeled using Solidwot&gyet an idea of what a possible battery storage
unit could consist of. A bill of materials (BOM) was created along with drawings for
documentation purposes and cost analysis. Simplified heat load and floor loading analysis was
conducted to sizedequatdahermal management and to verify tha container floors would be

able to withstand the battery occupied radke model was set up to have an-é@upled and a
DC-coupled configuration to show both scenaridse model shows the system at a Hig\vel

design. The electrical components on the side of the container were modeled and placed at their
location to show the components involved with energy storage. It is not uncommon for those
components to be found closer to the solar psystems. They can Imeounted to the structures
supporting the solar panelBhis section of the report will show additiont@msthat influenced

the design of the custom unit.
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Figure267i Inverter and individual solar panel povamti
Santa Cruz, CA.

-

mizers mounted on structuteacation:

3.3.2.1Storage Unit Container

Thestorage unit was modeled aftetypical 8 ft. x 20 ft. x 8.6 ft. shipping container. This was

done as research has shown that many utility scale energy storaggphérs tend to use a

similar design for thie enclosure. Although a40 ft. length containewould offer more space

inside for components, it wavoidedas its mobility would be more difficulThe 10 ft. length
containemwas not an option as itauld not offerenoughspace insidéor many component3.he

20 ft. length container can also have forklift tube access holes to allow for easier transportation.
Additionally, these containers are typically weather proof allowing electronics inside tfebe sa
from outside conditions

3.3.2.2Electrical Components

The battery chemistry of choice for the custom unit was lithium iron phosphate. They are
recommended as most stable and plausible technology for renewable energy storage applications
(Messenger & Abtahi, 2017Jhe battery wasodeled after a LiFePo4 battery module found on
Amazon.comThey are rated at a total capacity of 400 Ah. With 192 batteries, there would be a
storage capacity of 960 kWNlore details on the battery, found onthe@ n u f a ovebsite,e r 6 s
can be found in the Appendix.
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Figure27i Battery model used for storage unit.

The method of connection for batteries was determined to be Anderson connectors. These
connectors can accommodate a range of wire gauglegaaver ratings. The connectors will

allow for a quicker and toolless battery disconnect process when servicing a Battery.

attachment handle can also be added to make pulling the connectors apafleagiesin also

be secured to a surface, in thise the bottom of the shelf, for a cleaner installagdthough

t he manufacturerdéds website does not specify a
are threaded. As a result, on the battery terminal side, a wire with crimped on ringlteamina

be screwed down onto the terminal.

Figure28i1 Anderson connector used |nth model (left) and availaBE) Anderson
connectors for 6 t@é6-gaugewire (Right).Source(APP, 2020)

Solar panels can easily be connected through various MC4 connectors. These connectors are
offered in a variety of configurations to help connect panels in series or parallel configurations.

37



J{ i

l’ /’ 30A A

Figure2971 Typical MC4 connectorsSource: Amazon.com.

From research conducted on the grid interconnection praggssoved equipment documents
were found on the PG&Histribution interconnection handbouwkebsite.The PG&E website
provides links to documentsgarding safety switches, primary voltage disconnect switches,
eligible inverters, and incentive eligible photovoltaic mod(@RG&E, 2020) However, when
attempting to open some of the links, the websiteredisected to another website stating that it
is being updated. Some of the working links shodecuments, found in the Appendtkatcan

be used to source electri@uipmenfor a project that needs to be approved for
interconnection.

For the ACGcoupled configuration, theomponentsver e model ed after Enphas
and connection diagram

N ) Enlighten Cloud
- i \/ - Tertiary control, APl interface,
Tt ]~ overthe-air firmware upgrade
s
A7 WiFi/Cellular | :
/7 " Vv Wireless +
[ 2 1geIQ T 1Q™ Combiner Enpower’

Smart Switch N
I

. A M) T )
Power que . ’:’::l ‘ e N

mmunication
Col catio _“_,\M“_‘

| Wireless . [ - 7
| o Main 7\
| Encharge 10™/ N=ap
Encharge 3™ Load Panel "\9' /
| Storage System Generator

(reserved for future use’)

ﬁ[...] | Home Loads

Figure307 Enphase component installation diagra®ource(Enphase, 2020)

For the DCcoupled configuration, theomponentsver e model ed after Sol ar
and connection diagram
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Figure31i Solar Edge component installation diagraource(Solar Edge, 2020)

Additional large scaled vendor installation diagrams can be found in the Appendix. It is
important to note that there can be various installation possibilities. Both tedled and the
DC-coupled scenarios have the major components connected ttvad ce@mponent that should
be able to direct the flow of energy depending on the status of the sysgemeral flow
diagram shown in the figure below outlines some major decisions that would need to be
considered during the flow of electricity in thersige system.

ELECTRICITY NEEDED? ELECTRICITY GENERATED

=
LOAD?
| UTILITY ELECTRICITY NEEDED? ) UTILITY AVAILABLE?
o

GET FROM UTILITY ‘
]

DISSIPATE ELECTRICITY | ‘ TO UTILITY

’ CHARGE POD CAR ‘

Figure32i Decision diagram for flow of electricity for Superway storage.
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Wire gauge is an important aspect of the system since wires will be needed to conduct electricity
from one point to another. If purchasiadully assembled unit, chances are that they seller will
provide more information on wire type and gauges compatible and necessary for the install of
their unit. If purchasing electrical components from a company with a system that can be used
for the cistom energy system, then it is very probable that they will also have harnesses ready for
installation.When uncertain of what wire gauge would be suitable, a table in the figure shown
below can be used to determine the maximum ampacity the wire can aaadipecific

temperature.

Copper Aluminum

90°C (194°F)

60°C 75°C (167°F) . ) 75°C (167°F) 90°C (194°F)
Wire Gauge (140°F) THW, THWN, T' H'"H' N" ' THW, THWN, HHHW-2,
Size NM-B, SE, USE, WS SE, USE, THHN,
UF-B XHHW - XHHW THWN-2
USE-2
14 15 20 25
12 20 25 30 20 25
10 30 35 40 30 35
8 40 50 55 40 45
6 55 65 75 50 55
a 70 85 95 65 75
3 85 100 115 75 85
2 95 115 130 90 100
1 130 145 100 115

Figure3317 Ampacity chart for varying wire gaug&surce{Cerrowire, 2020)
3.3.2.3Hardware and Mechanical Components

Most of thehardware and materials that would be needed to build the custom unit were sourced
from mcmaster.conHar dwar e i ncl u@®d aal6bak vasher, andout 1 0
fasteners with a Grade 9 rating for extra safety as a result of their higher stidnggource

was used for this project due to personal experience with the store and due to e readi
available specifications on components being looked at. Their catalog of parts and materials is
vast while also being able to provide technical drawings and CAD files for many parts. One
thing to note is that their prices can be higher than what cloubd from other sources. This
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may be attributed to their ability to deliver orders quickly, usually within a day depending on
location.

The battery rack was modeled after a rack offered omtneastercom The rack was used in

the model to hold all #hbatteriesThe9 6 6 x P08i d&aodk isxated a2,100 Ibs.per she.

With two racks put on either side of the container, there would be a 39 inch passageway between
the racks for any access needed.

——= | LI
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Figure34i Passageway inside the container with racks installed.

It was modified to include welded Unistmmembersat the bottonto help the rack applgmore

distributed load on the container floshen installedThe original rack woul only be supported

by four postsand their loading on the floa@ould be thought of more as point loadihe more

concentrated loads at the support pesiald be more damaging and concerning than a
distributed loadK Line, 2015) T he hei ght of the rack would hav
better fitment inside the storage unit.
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Figure3571 Slotted Unistrut added to bottom of rack to distribute the load onto the container
floor.

A battery guard was added to the front of the rack to keep the batteries from sliding forward and
falling from the rack in the event that the container were tmdned. The guard was designed

from aluminum T bar with material notched out and slots on both ends of thiveistuds

and wing nuts were sourced to htthe guardin place.The rivet studs would offer quick and

easy installation time3.he wing nuts would allow the battery guard to be removed efficiently,
making battery serviceability easier while maintaining safety. Safety is especially important in
this area as dropping adl across two battery terminals can cause a hazhedwing nuts can

be removed by hand or with a small tool and accidentally dropping either will not have the
necessary length to touch both battery terminals at the same time.

Figure361 Battery guard system used for the rack.

A battery guide was added to the back of the rack to keep the batteries separated, make
installation of batteries more efficient by eliminating uncertainty on location of one battery with
respect to another, and to keep batteries from moving side tordalkngy back. The guidevas
designed fromJHMW plastic sheet. This guide was put together with plastic saeads

installed to the rack with the help of an alumin8@degreeanglebracketriveted to the shelf of

the rack.This guide would remain installed onto the rack. This set up would be able to
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accommodate other battery modubgssimply modifying the guide or remaking a new guide and
reusing the same aluminum bracket.

3

Figure371 Battery guide highlighted (left) and battery guide bracket (right).

The battery rack was installed into the container with various ¥z inch bolts, washers, and

locknuts. This hardware tied the bottom of the rack to the shipping containeBifdtary rack
steelcorner brackets were sourced from McMaster.com to secure the battery racks to the ceiling
beams of the shipping containEnur threaeforming screws were used to secure the brackets to

the shipping container roof beam. Rivet nuts were installed to the top rear rack posts to fasten the
top of the rack to the brackets.
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Figure38i1 Rack installatia to floor top) and ceiling beam with brackeidttom).

A sample othewire routing with the use of liquid tight steel conduit was done to show a
possible routing solution for battery connections. This routing would route battery connections
from the Arderson connectors through the back of the tackwiring compartmenihe model
does not showouting for all batterieas the program began to slow down when attempting to do

so. This was perhaps due to the computer capabilities of handling so many components in the
program.
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Figure391 Sample wire routing with conduit.

The complete battemackand energy storage unit assemtdy be seen in the figure below.

-

Figure407 Battery rack assembljeft) and energy storage unit assembly (right)

3.3.2.4Heat Load

The heat load was determined to analyze the amoungadfdissipated by the batterigsder a
steady state assumptiofhe heat generated by the batteries during charging was calculated
using the power equation, P 2RI The internal resistance of each battery moekas found to
be0.020hmg Y) on the descr i p t(Ruxu2080eWith an@ssumied r
charging current that should be about 10% of the Amp hour (Ah) rating of the battery, the
charging current was calculated to 40 Amps (@gctrical Technology, 2020yVith all 192
batteriegaken into consideration, the total heat load was calculatggpt@ximately21,000
BTU/hr. A more detailed calculation process can be found in the Appendix.
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Figure4l1i Circuit model used to determine heésipated from batteries during charging

3.3.2.5Thermal Management

To simplify thermal management, ain condition system with a similar rating to that of the heat
load determined was sourced to keep the battery unit at a stable tempéraw00 BTU

mini-split system offered by Blueridge was found after searching for an adequate ac system. A
mini-split system consists of an inside and outside unit. The outside unit can also be referred to
as the condensing unit and is typically larger than the inside unit, also referred to as the air
handleror evaporator unitThe two units are connectbyg two refrigeramlines or more

specifically aiquid line and a vapor line, a drain hose &mcumulatedondensatiomrainage

and additional wires for power and communicatidmini-split configuration was chosen for

this design as they are offered in the BTUs reagljimultiple smaller inside unit can be installed
separate from larger outside unit, and the opening needed for their connections should not
compromi se much of the energy unitds weather

The outside unit was installed to the batkhe container with slottestrut channeimembers,
steelstrut channebrackets, four rubber bumpers to mitigate vibratistsit channe$pring nuts,

and various %2 inch fasteners. A custom bracket would be needed to adapittbleannel

bracket to tk attachmenpoints at the bottom of the condenser unit. The inside unit was installed
to the back wall of the container with ¥4 inch bolts, washers, and locknuts. According to the
install instructions, a bracket for the inside unit needs to be instal¢aiid then the rest of the

unit can just be mounted to the bracket.

46



JHWII

Figure42i Outside unit (left) and inside unit (right) installed onto container.
3.3.2.6Floor Load

The floor load was calculated to analyze the loading on the floor of the energy storage unit

imposed by the battery rackihe floor load was determined by calculating teight per shelf

and therdetermining the weighter rack Each battery was specified to @2kilograms (kg)on

the description section for the prodRuixu, 2020) The total load of one rack was calculated to
be2,976kgoveraspan a.55meters ForcoantZaloner , the Amaxi mum f
per r unn({Khige, 20X Therloading imposed on the floor bgerack with batteries

would be roughly 29tons per meter. This achieves a safety factordfi f&r one battery rack.

The loading imposed on the floor by thbole system of rack wasalculated to &7 tons per

meter. This achieves a safety factor3{ar all four battery racksAs a result, the floor of the

container should be able to withstand the weight of all the components inside.

Another consideration is the loading of the batteries on the rackhatves. The shelves are
rated to withstand 952.5 kg. The rack is rated to withstand 2,903 kg. With twelve batteries on
each shelfthere is an imposed load of 744 kg. This achieves a safety fact@8oAll.48

batteries per rack impose a load of 2,8g®n the rackThis load isslightly over the rated
capacity of the rackachieving a safety factof 0.98.To help with this, supportsross members
can be addetb the rack structure to add strength and incrédaseeight capacity of the rack.

3.3.3 Logistics
This section will discusgrid interconnection, granularity, and ctsgisticsinvolved with
installing energy storage units for the Superway. Most of the factors will be applidade

using a market avaitde storage solution or a custom unit.

3.3.3.1Grid Interconnection
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Research conductexh the interconnection procegave insight on what the process could entail.

A diagram was created to highlight and organize the main steps for PG&E grid interconnection.
One important detail to note is a possible additional expense of having to upgrade equipment on
the PG&E side to accommodate a project. The specific costs wrsted; however, they can

range depending on the type and amount of equipment having to be upgeateding to their
timeline, it can take anywhere from 5 months to 17 months from the application review to the
interconnection approval. This timelingay not fully represent the process of a system the scale

of the Superway project.

Application Review

Rule 21 Online Application
Submit Single Line Drawing
10 - 20 business days after completed submission of application

[ Engineering Review J

Acknowledgement of APPLIGATION REVIEW, phase documentation completed
15 - 95 business days from receipt of documents
(Initial review: 15 business days, it additional study is needed
Supplemental Review up to 20 business days, if further studies
needed Detailed Study up 1o 60 business days)

—_

Implementation J

If system upgrades required aftertNG\NEERING REVIEW, Special Facilities
Agreement (Forms 79-280 & 79-702) are required
Agreement is a standard CPUC agreement between PG&E and
applicant. Specifies cost of required equipment to be installed and
owned by PG&E
3-12 months (depending on system upgrades required)

—
J

Final Inspection v

Engineering approval, Net Energy Metering Agreement (Form 79-978), signed off

Building Permit (finished project approved by local inspectors), copy of

Declarations Page of Homeowner Insurance

° Within 30 business days of completed application (PGE required to

perform final inspection if no system upgrades identified during
ENGINEERING REVIEW. Applicant or authorized representative
will be contacted to schedule inspection appointmenty

Interconnection Approval

Confirmation project approved by PG&E inspectors (Contract and Permission to
Operate sent by PG&E)
o 3 business days notification that project has been approved

Figure43i General summary of interconnection process for PG&E §odrce(PG&E, 2020)
3.3.3.2Granularity

The granularity of the energy storage umitss taken into consideratiom determine what kind

of layoutwould make the most sendgarlier in the semester and report, four possible locations
were suggested near staso®uring thigpoint of the project, it was still unclear how much room
would be available for a storage unit, if aay a stationThe four possible locations were
suggesteaext to station in big parking lot areas as an alternative to placing the units at stations.
Now that there are more station concepts, it is clear that an energy storage unit can be
incorporated into a station. A decision matrix was created to fuattedyzea decision based on
research dond@ he scale was set up to be from 0 to 1, where 0 is anllask and 1 is the highest
mark. The following criteria was used in the decigatrix

9 Cost: The cost associated with placing storage units close or far from stations. Placing
storage units away from stations results in storage units away from saaapays.
The benchmark in the figure below shows that placing a storage unit close to the solar
panel arrays can result in a significant lower cdste, lindicatescost is lower due to
both systems being docated and @ndicatescosts are higher due both systems being
spread apart.
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1 Reliability: The reliability of the storage system being able to provide energy to the
transportation system at all times and multiple places. Having one unit at each station can
provide a better distribution of power to edhicles Having all units at one locatiaran
make it difficult to get power toaehicleat the other end of the staticAdditionally, one
failing unit can make the other units fail. Herendicatesthe systentanprovide energy
at all times and (hdicatesenergy may not be able to reach higke at certain parts of
the station.

1 Servicing:The efficiency of servicing units. Having all units centralized at one location
can make servicing faster since all units would be at one location. Having units spread
out can make the servicing process entime consuming gseople would need to travel
to all locations of storage units. Here, 1 indicates servicing can be highly efficient and O
indicates servicingnay be more time consuming.

1 Space Consumptioifthe space consumption per area. Having a dig&dlayout would
result in less area taken up per storage system. A centralized layout would require more
space for all the storage units to be at one location. Here, 1 indesgespace taken up
per locatiorand O indicatesore space taken up per &ion

i Safety:The possible safety hazard. Any storage unit at a station has the potential to
become a safety hazard to people around. A centralized system placed away from a
station and people can lower its safety hazard. Here, 1 indicates it can toktbgzople
and 0 indicates it may not be a safety hazard to people.

1 Complexity:The complexity of the systerBtorage units placed at station will be close to
the solar panel arrays needed to generate electricity. Centralized units would require
furtherinvestment in the systenmdrastructureand components to gelectricity from all
solar panel arrays to travel to the central storage unit locitene, 1 indicatekess
complexityand 0 indicateligher complexity

1 AestheticsHow the layout can fit into its place from a qualitative perspedtieee, 1
indicatesunits can be made to fit into their surroundiagsl O indicateghere are not
many options to make units more alethically pleasing to the area

Layout Cost Reliabilty Servicing  Space Consumption Safety Complexity Aesthetics Total
Station Distributed 1 1 0 1 0 1 1 5
Partially Distributed 0.5 0.5 0.5 1 0 0.5 1 4
Centralized 0 0.5 1 0 1 0 1 35

Figure44i Unit distribution decision matrix.

Research showed that-tirated solar panels and batteries can result in less overall cost
compared to solar panels and batteries located in different sites.
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PV Plus Battery

Individual PV and Battery Storage Co-located PV Plus Battery in Different Sites
Millions < > Ll Id * (1 EPC/Developer Net Profit
$250 Developer Overhead
O Contingency (3%)
$202 ® Transmission Line
$200 $186 $188 10 B Interconnection Fee
=9 = 0 Pemitting Fee
10 P
$150 0 o O Land Acquisition
] 19 0 Sale Tax
16
ﬁ D EPC Overhead
$100 ™ O Install Labor & Equipment
: B Electrical BOS
B Structural BOS
50 50 50
$50 m Bidirectional Inverter
o [ Solar Inverter
35 35 35 35 O Lithium-ion Battery
100-MW One-axis V 60-MW / 240-MWh 100-MW PV + 100-MW PV + 100-MW PV + © @PV Module
Tracker Battery Storage | 60-MW / 240-MWh  60-MW / 240-MWh | 60-MW / 240-MWh
PV System System Battery Storage Battery Storage Battery Storage
DC Coupled AC Coupled in Different Sites

Figure45i Cost benchmarks for solar panel systems with energy st8mages(Fu, Remo, &
Margolis, 2018)

As a result of these findings and design intent, the units were modeled with the intention of
having them close to the solar panel structure.
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Figure46i Station and custom energy storage unit rendemgce(Chiao, 2020)
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Figure477 Station and Tesla Megapack unit rendet®agrce(Chiao, 2020)

3.3.3.3Cost Comparison

The units were compareginganother decision matrix to further analyze a decision based on
research dond@ he scale was set up to tvrem 0 to 1, where O is a low mark and 1 is the highest
mark. The following criteria was used in the decision matrix:

T

Cost: The cost associated wéhher buying a unit available in the market or building a
custom unitA custom unit was found to be peig while a market unit found to more cost
effective.Here, 1 indicates cost is lower and 0 indicates costs are higher.

Reliability: The reliability of the storage systdrased on design reliabilitjt this point

in the project, the custom unit is stilltine design phase. Assuming it were in the
prototyping phase, it would still require a lot more testing to verify it works as intended.
The market unit, especially one used by utility companies, indicated it has been tried and
testedHere, lindicates thesystemis at a point of good reliabilitgnd O indicatethe

system is at an early stage

Servicing:The ability to service the unit easildavinga custom unit can make servicing
easier due to the knowledge of the systeiawving a market unit can make servicing a
more tedious process and may end up needing another company do the sétereing.
indicates servicing can la®ne easilyand 0 indicates servicingan take longer to get a
handle on.

Space Consumption: Theage consumptioper capacity offered by the unithe custom
unit designed for the project has a storage capacity of roughly 1 MWh. The Megapack
had a similar form factor to the custom unit with three times the storage caphaity 1
indicateshigher caacity per areand O indicatefower capacity per area

Safety: The possible safety hazard. Any storage unit at a station has the potential to
become a safety hazard to people arolih@. custom unit is still at an early stage of the
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design to determiniés safety. The market unit has been around for longer and is widely
used without baringnegativethings about itHere, 1 indicatesafety has been testadd
0 indicatessafety is yet to be tested

1 Time: Theamount of time required to acquire the uAittustom unit would depend on
the time it takes to get materials and to build it. A market unit would depend on the time
required from the moment the order is placed to the time the unit is fully installed and
functional For this project, the custom usihowed it can be built from readifywailable
parts. Timelines were not found for the market uddre, 1 indicatefaster delivery
timesand 0 indicateslower delivery times

1 Grid InterconnectionProcess for grid interconnectiofhe custom unit still requires
more research to determine more specific hardware and details for grid interconnection.
The market unit has been used by utility companies and it is sold with the purpose of
providing energy storage support to a system at. giere, 1 indicatetheunit can be
grid tied effectivelyand 0 indicatemore is needed for grid taompatibility.

1 Customizability:The ability to customize the unit. A custom unit may offer a wider range
of custom options for a storage unit. A markeit would not allow much customization
and modifying anything after purchase could lead to voiding warranty. Here, 1 indicates
the unit can be customized easily and O indicates limited options.

1 AestheticsThe finished result of the build. Both a custonit @amd market unit can be
made to fit into an area. A custom unit may require more thought and work. Here, 1
indicates the unit can meet aesthetic standards and O indicates aesthetic standards can be
hard to reach.

1 Mobility: Ability to move unit.The custen unit has forklift tube holes that make the unit
easier to transport. The market unit does not seem to have any forklift tube holes which
may require a more drastic process to move the unit into place.

Unit Cost Reliability Servicing Space Consumption Safety Time Grid Interconnection Customizability Aesthetics Mobility — Total
Custom Unit 0 0.5 1 0 0 0.5 0.5 1 0.5 1 5
Market Unit 1 1 0 1 1 0.5 1 0 1 0.5 7

Figure481 Energy storage unit decision matrix.

A Bill of Materials for the custom unit was created after the model was compléte&/kWh

cost was determined from the total cost of the storage unit. The components and costs were
further categorized to analyhew each part of the system contributed to the overall Eosn
most to least costly: batteries, hardware and materlatgrieal hardware & materials, electrical
panels and equipment, container, and thermal management.
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Battery $383,808.00
$1,007.69 ——— Container $6,515.68
$2,426.00 EESE Hardware & Materials $11,502.68
).6% o — e Electrical Hardware & Materials $10.458.92
31,0 4 e N —— Thermal Management $2.426.00
$11,502.68 . Electrical Panels and Equipment $7,007.63
$6,515.68

1.5%

$333,808.00

Figure497 Total costs per category for custom storage unit.

The total cost of the unit, including major electrical compaiemés used to compare to Tesla
MegapackcostSf hi s was done since those werTfeunwo cO0S:
offered by Tesla is rated at a storage capacity of 3 MWh, however, the actual capacity may be

slightly under. To simplify the cosbmparison with the custom unit the total capacity of the

custom unit will be represented as 1 MWh rather than 960 KW analysis shows that the

Megapack costs are lower compared to a custom unit.
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Custom Unit and Tesla Megapack Cost Comparison
$500.00

$400.00
$300.00
$200.00
$100.00

$0.00

Capacity (MWh) Battery Pack ($/kWh) Battery Pack. Electronics. Servicing ($/kWh)
Tesla Megapack 3 $200.00 $300.00
Custom Unit 1 $383.81 $450.00
*15 to 20 years, custom unit pricing shows high-level components and does not include servicing

Figure5071 Custom unit and Tesla Megapack cost comparison.

4.0CONCLUSIONS

This section states the conclusions of the project and recommendations for future work.

4.1 Conclusion

TheSpartan Superwagyrogram was discussed to bettlrstratethe state of our current public
transportation sector and its implications on the public and environment. Literature review was
done on technologies relating to solar powered automatic transit networks andstolgy at

a utility scale. The objective of the project was statedisupporting objectives were listed to
showwhat the projectritendedo accomplish. The methodology the project was explained to
show a plan to pr operd Thesmebgdtives ilcleidegpdetermieingthé s o b
energy demand and supply of the proposed rewttih route, calculating the required storage

size, investigating storage design and implementation options, projectedarmsa custom unit
design Results wer@resented and discussed to show their meaning and influence on the overall
design optionsA design was created and modeled using Solidworks. Analysis on thermal and
weight load was conducted to validate the dediggistics, including grid interconneot,

granularity, and cost, were investigated to determine a grid interconnection timeline, cost
implications of placing battery storage close to or far from solar panels, and difference in cost
between market available solution and custom @imib matrices were created to further

validate the concluding recommendation.
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The research done through literature review indicates a common declining cost trend with PV
technologies and battery storagée energy demand of the system was combined with data

from a shuttle service with a similar route to the proposed +sotikh campus route to analyze
energy demand on a busy day. The energy supply obtained through a computer simulation tool
was used to atyze what a least energy generating day would look like. The two data sets were
put together as a worstise scenario and used to analyze an energy strageededThe

results showed th&ystenneeded to beizedfor storage capacity in the MWh rantgeprovide

energy duringageneratiorshortage or for the entire day

The design process of the energy storage unit was highlight in the case study section of the
report. The container of choice was a shipping container based on what conyacatly use

for their storage units he battery chemistry waishium iron phoghatedue to its stability in

utility scale systemdHigh level electrical components were modeled and assembled in an AC
and DC coupled configuratidmased on two company installation diagramso scenarios were
presented rather than just one to show available options. AC coupled systems can be easier to
retrofit while DC coupled systems can have higher efficiencies. With developing technologies,
the pros and cons to the two options continuevtive.More research needs to be done

regarding this topic as the Superway project progrebsgdware materials and components

were sourced from an online southat is pricier that average, however, the sobhemost of

the pars readily availaké for purchaseThe heatoad was calculated @1,000 BTU/hr and

thermal management solution rated at 30,000 BTUdeterminedo bean appropriate solution.

The floor load was calculatétd57 tons per meter against a maximum recommended load of 4.5
tons per meter. These two loading analyse#ied that thesystem would operate as intended

with respect to temperature loadinganeé i ght of the batteries I mpos

Possible suitable locations for the storage units were shathrtlve help of google mag an

early stage of the project and later changed. Updated station renderings showed there was space
available for a storage unit and as a result, an energy storage unit can be implemented at each
station.This would require les complexity, reducing costs as shown in a benchmark presented
above Reliability would increase as energy storage units would be at every station and the
chances that a vehicle could be stuck without any energy would go @oignnterconnection

researb showed a varying timeline for tying to the gnehich could vary more for larger scaled
systemsA market unit, in this case the Tesla Megapack, showed to be a competitive alternative
to a custom unit with lower costs and higher capacity with simileideidimensions as the

custom unit.

4.2 Future Work
Future work for the projeahcludes looking more into required hardware and standards,
connecting with other professionals and companies to get their inputs on the project, creating

moredesign plans basexh more stablstation designdpoking into more variables that have an
impact on tle project.The following list explainpossibletasks and what they involve:
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Utility Interconnection: Getting a more in depth understanding of the utility
interconnection process for the Superway project. This can include net metering, the
application preessandline diagrams needed for the applicati@onnecting with utility
companies and other companies dealing with this can give useful insight on to look
expect when attempting to go through the process with the Superway.

DC vs AC CouplingFurther analyzing which coupling method makes the most sense for
the project and whyThis can be developed more as more variables of the Superway are
determined.

Design: Thinking of design improvements if a custom energy storage unit is pursued
rather han purchasing units available in the market. Improvements may involve sourcing
a different battery, higher load rated rack, and method of loading and unloading batteries
into rack for servicingFinding a different source for hardware and materials tifertso
competitive pricing. If a market unit pursuedbased on the e p aecamdnendation,

then looking more into companies or a single company that offers a unit capable of
supporting the Superway generating capabilities. Getting answers from soméuose i
company rather than from online research can lead to more concrete values.

Hardware Specifications: Further research theshardwarecomponentsand vendors
thatmake the most sense to for the Superway projéas. could include determining
which specific wiring to use for the different portions of the system, voltages, currents,
and power values at different portions of the system, and type of connections between
components. Making it all this information easier to understand for others céugtsat
benetft.

Charging Stations: Doing research into methods of transferring stored energy or utility
energy to Superwagodcars and the different factors involv&dr example, which
technology, induction or plug in, would make the most sense fsfenaof energy. There
are a lot of engineering details that need to be determined regarding this topic.

Electrical Doing more research into the types of connections and possible harnesses that
can be made to make installation of a unit eagidding to the diagrams in this report

and creating new diagrams that help visually represent the coamgctionsnvolved in

an energy storage system for the Supergaaybe of great benefit

Alternative methodsExploring alternative storing methods that can be designs and
modeled using computer software. For example, looking into flow battery technologies
and creating a dagn that can be used. In the procesgjihg newsources for hardware

and materials that can give a more competitive price than those found on websites like
mcmaster.com.
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APPENDICES

APPENDIXA T Codes and Standards relevant to energy storage systems

Reference # Title/Contents
NEC 2014 National Electrical Code/Wiring methods (comprehensive)
IEEE 837 |EEE Recommended Practice for Installation and Maintenance of Lead-Acid

Batteries for Photovoltaic Systems

IEEE 1013 IEEE Recommended Practice for Sizing Lead-Acid Batteries for Photovoltaic
Systemns

IEEE 1187 Recommended Practice for Design and Installation of Valve-Regulated
Lead-Acid (VRLA) Storage Batteries for Stationary Applications

IEEE 1361 Recommended Practice for Determining Performance Characteristics and
Suitability of Batteries in Photovoltaic Systems

IEEE 1526 Recommended Practice for Testing the Performance of Stand-Alone
Photovoltaic Systems

IEEE 1547 IEEE Standard for Interconnecting Distributed Resources with Electric Power
Systems

IEEE 1561 Guide for Optimizing the Performance and Life of Lead-Acid Batteries in
Remote Hybrid Power Systems

IEEE 1562 Guide for Array and Battery Sizing in Stand-Alone PV Systems
IEEE 1661 Guide for Test and Evaluation of Lead-Acid Batteries Used in PV Hybrid Systems

IEC TC-82 A compendium of 25 standards relating to the electrical and mechanical
performance testing and measurement of PV systems

1SO 9001 An international quality standard, composed of 20 segments, dealing with all
aspects of design, manufacturing, and delivery of service

UL 1741 Standard for Static Inverters and Charge Controllers for Use in Photovoltaic
Power Systems

ANSI Z97.1 Relates to safety relating to potential glass breakage
ASCE 7-10 Minimum Design Loads for Buildings and Other Structures
ASTM A compendium of tests and standards that may apply to BIPV systems

Source(Messenger & Abtahi, 2017)

Title Designation
Molded-case circuit breakers, molded-case switches, and circuit-breaker enclosures UL® 489
Electrochemical capacitors ‘UL 810A
Lithium batteries UL 1642
Inverters, converters, controllers and interconnection system equipment for use with ‘UL 1741
distributed energy resources
Batteries for use in stationary applications UL 1973
Second-use batteries ‘UL 1974 (proposed)
Recommended practice and procedures for unlabeled electrical equipment evaluation NFPA® 791
Standard for interconnecting distributed resources with electric power systems IEEE 1547
Recommended practice and procedures for unlabeled electrical equipment evaluation NFPA 791
Outline for investigation for safety for ESSs and equipment UL 9540 (proposed)
Safety for distributed energy generation and storage systems UL 3001 (proposed)
Safety standard for molten salt thermal energy storage systems ASME TES“-1 (proposed)

a. UL = Underwriters Laboratory
b. NF PA = National Fire Protection Association
c. ASME TES = American Society of Mechanical Engineers Thermal Energy Storage

Source(Cole & Conover, 2016)
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Fire and smoke detection, fire suppression, fire and smoke
containment

NFPA 1, NFPA 13,
NFPAI15, NFPA 101,

NFPA 850, NFPA 851, IBC,
and IFC

Ventilation, exhaust, thermal management, and mitigation of the
generation of hydrogen or other hazardous or combustible gases
or fluids

NFPA 1, IEEE 1635/ASHRAE 21,
IFC, IMC, NFPA 70

Egress and access (normal operations and emergency),
physical security and illumination

NFPA 1, NFPA 101, IBC,
IFC and local zoning codes

Electrical safety, emergency shutoff, working space,
electrical connections/installation for installations on the
customer side of the meter

NFPA 70 and 70E

Electrical safety, emergency shutoff, working space,
electrical connections/installation for installations
on the utility side of the meter

IEEE C2

Anchoring and protection from natural disasters
(seismic, flood, etc.) and the elements (rain, snow,
wind, etc.)

IEC 60529, IEEE 1375, UL 96A,

IBC, IFC and NFPA
70

Signage ANSI S535, NFPA 1, NFPA
70, NFPA 70E, NFPA 101,
IBC and IFC

Spill containment, neutralizing and disposal NFPA 1, IPC, IFC, and IEEE
1578

Communications networks and management systems IEC 61850

Source(Cole & Conover, 2016)

UL 1973

Batteries for Use in Light Electric Rail and
Stationary Applications

Safety standard for stationary batteries for energy storage
applications, non-chemistry specific and includes
electrochemical capacitor systems or hybrid
electrochemical capacitor and battery systems. Includes
requirements for unique technologies such as flow batteries
and sodium beta (i.e., sodium sulfur and sodium nickel
chloride). Includes construction requirements, tests and
production tests. Also includes requirements for cells used
in these systems such as lithium-ion, nickel, lead-acid and
includes sodium beta and flow battery requirements.

Source(Cole & Conover, 2016)
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APPENDIXB i Energy Demand Model Results

% Vehicle Characteristic Inputs:

massOfVehicle = 1960; % [kg] mass of a fully loaded vehicle
vehicleFrontalArea = 4; % [m2] frontal area of the vehicle

radiusOfiheel = ©.1524; % [m] radius of vehicle wheels

C_srr = €.857; % [in] coefficient of static rolling resistance: Cast iron
on steel = ©.021 in; Polyurethane on steel = ©.03@ - ©.857 in [4]

C_d = ©.51; % [dimensionless] coefficient of drag

avgMotorEfficiency = ©.85; % [dimensionless] average efficiency of the
electric motor

regenBrakingEfficiency = ©.3; % [dimensionless] regenerative braking
efficiency

auxiliaryPower = 35€@; % [W] auxiliary power

% Transit Route Characteristic Inputs:

lineSpeed = 13.4; % [m/s] line speed

headway = 5; % [s] minimum headway between vehicles

dwellTime = 20; % [s] dwell time in station

avgTripElevationChange = @; % [m] average elevation change between
stations (+ = uphill; - = downhill; zero for ATNs because they are closed
loops)

[numVehicles,tripDuration, systemPowerDemand, systemAnnualEnergyDemand] =
energyDemand(massOfVehicle,vehicleFrontalArea,radiusOfheel,C_srr,C_d,avgM
otorEfficiency,regenBrakingEfficiency, auxiliaryPower, lineSpeed, headway, dwe
11Time, avgTripElevationChange, routeLength, avgDistBetweenStations,meanSqrii
ndSpd); % Calculate energy demand

Number of Vehicles on Route: 155 (at practical maximum usage of 70%)

Average Trip Duration: 2.29 minutes

Average System Power Demand: 1.612 MW
Annual System Energy Demand: 14.123 GWh
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APPENDIXC 1 Energy Supply Model Results

SIMULATION RESULTS:

Energy Supply:
Rated System Generation Capacity: 19.736 MW
Average System Power Output: 3.626 MW

Annual System Energy Output: 31.759 GWh
Energy Factor of Safety: 2.25

Leg Canopy:

Number of Modules across Leg Canopy: 8

Module Tilts on Leg Canopy: 27.8°, 27.6°, 27.8°, 27.e°, 27.8°, 27.8°, 27.8°, 27.@°
Total Length of Leg Canopy: 12150 m

Width of Leg Canopy: 7.86 m

Station Canopy:

Number of Modules across Station Canopy: 8

Module Tilts on Station Canopy: 27.0°, 27.0°, 27.0°, 27.8°, 27.e°, 27.9°, 27.e°, 27.0°
Total Length of Station Canopy: 1383 m

Width of Station Canopy: 7.86 m

System Metrics:

Total Number of Modules: 54792

Capacity Factor: 18.37%

Estimated Cost of PV System: $20,919,778 USD
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APPENDIXD 1 Tesla Megapack

Massive Energ Stbrég;’;
(= =

Megapack transforms the way we power the grid—delivering giga-scale capacity.

swan | t0x | tewm
Max Energy Capacity

Faster Installation Scale Projects Enabled

H Every Megapack arrives pre-assembled and pre-tested in one enclosure from our Gigafactory—including battery m
All-in-One System i o - - a0 e :
a thermal management system, an AC main breaker and controls. No assembly is required, all you need to do is connect
your site wiring.

directional inverters,
apack’s AC output to
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40% less space
same energy capacity

At the site level, Megapack requires 40% less space and 10x fewer parts than current systems on the market. As a result, this high-density, modular
system can be installed 10x faster than current systems.

Fastest Installation

Applications

Renewable Smoothing

Smooth out the intermittency of renewables by storing and dispatching when needed

T&D Investment Deferral

Postpone costly grid infrastructure upgrades by supplying power at a distributed location to defer the
need to upgrade aging infrastructure

Voltage Support

Inject and absorb reactive power to maintain local voltage levels on the grid

Capacity Support

Discharge at times of peak capacity to reduce demands on distribution and transmission infrastructure

Microgrid

Build a localized grid that can disconnect from the main power grid

Market Participation

Provide service to the grid in response to signals sent by system operators

Frequency Regulation

Maintain grid stability by rapidly changing charge or discharge power in response to changes in grid
frequency

Megapack is designed for utilities and large-scale commercial customers. Our team of experts will work
with you to identify custom site needs, and design a solution to maximize project values across multiple
applications




APPENDIXET Tesla Powerpack

Overall System Specs

AC Voltage

Communications

Power

Scalable Inverter Power

Depth of Discharge

Dimensions

380 to 480V, 3 phases

Modbus TCP/IP; DNP3; Rest API

Up to 130 kW (AC) per Powerpack

From 70kVA to 700kVA (at 480V)

100%

Powerpack Unit

Length: 1,317 mm ({50.9 in)
Width: 968 mm (38.1in)
Height: 2,187 mm (861 in)

Weight: 2199 kg (4,847 Ibs)

Powerpack Inverter

Length: 1,044 mm (411 in)
Width: 1,324 mm (54.9 in)
Height: 2,191 mm (862 in)

Weight {(max): 1,120 kg (2,470 lbs)
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Energy Capacity

Operating Temperature

Enclosures

System Efficiency (AC) *

Certifications

Up to 232 kWh (AC) per Powerpack

-30°C to 50°C / -22°F to 122°F

Pods: IPE7
Powerpack: IP35/MEMA 3R
Inverter: IP66/MNEMA 4

88% round-trip (2 hour system)
89.5% round-trip (4 hour system)

Mationally accredited certifications
to internaticnal safety, EMC, utility

and envircnmental legislation.

* Net Energy delivered at 25°C (77°F) ambient temperature including thermal

control



APPENDIXFi Tesla Powerwall

S0 mm

53" f
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Technical Specs

(I}
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Usable Capacity
13.5 kwh

Depth of Discharge
100%

Efficiency
90% round-trip

Power
7kwW peak / kW
continuous

Supported Applications
Solar self-consumption
Back-up power
Time-Based control
Off-grid capabilities
(coming soon)

Warranty
10 years

Scalable
Up to 10 Powerwalls

Operating Temperature
-4°F to 122°F /
-20°C to 50°C

Dimensions

LxWxD: 453" x296" x
5.75"

(M50 mm x 753 mm x 147
mm)

Weight
251.3 Ibs / 114 kg

Installation
Floor or wall mounted
Indoor or outdoor

Certification

MNorth American and
International
Standards

Grid code compliant



APPENDIX G Oilfield Instrumentation Model 202
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