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ABSTRACT 

 

The Spartan Superway program offers an opportunity to mitigate and eliminate effects of typical 

transportation methods on the environment and public. The proposed north-south campus route 

plans to connect the north and south campuses of San José State University. The 14.9 km route 

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 designers. The energy generated is 

expected to be stored with some form of energy storage that wil l be allow the system to operate 

under low-light conditions or at night. Although various technologies for energy storage are 

available, batteries are proposed to be used to store energy from the solar panels. Such energy 

would be used during the nighttime when solar panels are not generating much energy. The solar 

canopied route is estimated to generate an annual 31.8 GW. Research and analysis is needed to 

determine design options. 

 

Literature review was done on current journal articles related to the Spartan Superway. 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 analyzed through spreadsheets, 

and assumptions were made to determine a size of energy storage required. Commercially 

available products that could meet the needed capacity were researched. A cost projection report 

provided by the U.S. Department of Energy Office was used to estimate the cost of storage 

system.   

 

The current literature found showed a declining cost trend in solar photovoltaic and battery 

storage technologies. A worst-case scenario showed the energy required to run the system for 

one day solely on energy stored. Various commercially available storage unit designs of different 

scales were found to be applicable to the Superway system. High, middle, and low-cost 

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 unit. Computer modeling programs were used to model the custom unit and create a 

rendering of the unit at a station. New developments in the Superway project throughout the year 

by other teams led to updated recommendations. The custom energy storage unit was designed to 

compare to a market available unit. The 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 in more detail. An interconnection diagram was created to 

visually summarize the process and timeline for grid tied systems. Two decision matrices were 

created to determine the best choice with the information obtained to the point when the project 

was concluded. Custom unit and market unit costs were compared with recent up to date 

research. A final recommendation concluded the project at the end of the report.  
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1.0 INTRODUCTION  

 

Current transportation methods and systems in place have environmental, safety, livability, 

convenience, and economical adverse implications. Global greenhouse gas (GHG) emissions are 

among the leading causes of climate change, making methods focused on renewable energy to 

fight climate change essential (Furman, 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 world every year (Furman, et 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 space (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 issue considering that 

expensive fares compete with cheap gas and parking prices (Furman, et al., 2017). To add, the 

transportation sector is one of the largest contributors to GHG emissions. San Joseôs largest 

carbon emissions, over 60%, are from the mobile sources (Furman & Swenson, 2019). At the 

moment, according to the U.S. Environmental Protection Agency (2019), the transportation 

sector in the U.S. contributes 29% of GHG to the overall emissions (U.S. Environmental 

Protection Agency, 2019). From those emissions, 59% are due to light-duty vehicles and 23% 

from medium and heavy-duty trucks. These GHG, consisting of gases such as carbon dioxide 

and methane, are caused from the combustion of fuels (U.S. 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 

between ñrespiratory diseases and air pollutionò caused by air pollutants from the transportation 

sector (Liu, et al., 2018). Efforts to reduce emissions through electric vehicles have had 

challenges.  

 

The Spartan Superway research program is a ñlong-term research initiative at San Jose State 

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

urban environmentsò (Furman, et al., 2017). The planned Spartan Superway, comprised of 

networks of elevated infrastructure that vehicles are suspended from, is a revolutionary and truly 

sustainable form of urban transportation. Vehicles referred to as podcars, the size of a car or 

minivan, will be used to transport people across elevated solar-canopied stations without long 

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

headed by Professor Furman and its goal is to cut ñtravel times, transit costs, and greenhouse gas 

emissions, while dramatically improving public health and safetyò (Furman & Swenson, 2019). 

It is intended to provide transportation services around school campus through a suspended 

podcar system powered from a solar panel canopy (Furman & Swenson, 2019). The Superway 

will reduce emissions 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 operations (Furman, et al., 2017). Through a 

reduced need for parking, it can potentially create spaces for ñaffordable, transient-oriented 

housing developmentò (Furman, et al., 2017). People will be able to travel and take a break 

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

vehicles on demand with availability all day at all times where users can schedule a vehicle 
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within a mobile app or terminal at a station (Furman, et al., 2017). Being connected to other 

transit systems will give more communities with infrequent public transit easier accessibility, 

discouraging the need for a car to travel to a station (Furman, et al., 2017). Current transit 

infrastructures are aging and will require investments and support (Furman, et al., 2017). The 

Superway will offer ñfair, dynamic pricingò to encourage use and improve access to ñlower 

socioeconomic communitiesò that may not be able to afford increasing costs of transit use and 

car ownership (Furman, et al., 2017). The Spartan Superway is currently offering educational 

benefits to many disciplines to provide students with skills and experience to use outside of 

school (Furman, et al., 2017). The Spartan Superway is 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 methods (Furman, et al., 2017). 

 

 
Figure 1 ï Proposed north-south campus route. Source: (Fogelquist, 2019). 

 

For this system, a proposed north-south 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 operation. To collect enough energy to power 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 low-light conditions or at night. The energy system of the superway can be broken 

down into subsystems which include the PV panel collection system, distribution system, on-pod 

energy storage, and evening and low light-level storage. The podcar energy storage may consist 

of supercapacitors used 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 and long-term storage. Medium 

term storage could be batteries used to store energy from the solar panels. Such energy would 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 research, although energy density of 

PHES is lower than lithium ion, the ñcosts scales well as energy storage requirements increase, 

beating out lithium ionò (Nguyen, 2019). Fogelquist estimated the solar canopied path to 

generate an annual 31.8 GW, or an average hourly of 3.6 MW (Fogelquist, 2019).  
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The focus of this project will be battery storage for energy generated through the photovoltaic 

panels. An energy storage solution proposed will take into consideration a hybrid system with 

the grid. Looking into current and global situations, trends, and technologies related to 

Automated Transit Networks (ATN) and energy storage will give further insight on a solution. 

This project investigates and proposes a design of a modular energy storage unit solution that can 

be deployed throughout the network in appropriate configurations to match localized power 

needs. 

 

1.1 Objective 

 

The objective of this project is to propose a design for an energy storage unit that can be 

deployed for the Superway network in configurations that can be used to capture, store, and 

supply the energy needed to power the Superweed system. The research done aims to: 

 

¶ Investigate current research and technology related to ATN, photovoltaics, energy 

storage, utility-scale systems, and the grid and standards.  

¶ Approximate the energy generated by the network 

¶ Determine the anticipated energy demand for the N-S campus transportation network  

¶ Investigate the granularity of design 

¶ Determine the location of battery unit(s) relative to energy demand source 

¶ Determine the major components/hardware required for the storage solution 

¶ Investigate commercially available solutions 

¶ Investigate projected costs 

 

1.2 Literature Review 

 

The following literature review provides background information relevant to the Spartan 

Superway. Automatic transit networks and their characteristics will be discussed, followed by 

photovoltaic and battery technology. Additionally, utility -scale systems and grid related 

information will be discussed.  

 

1.2.1 Automatic Transit Networks 

 

An ATN can be defined as an autonomous off-line guided system that provides ñon-demand, 

non-stop, origin-to-destination servicesò and consists of ñrelatively small, lightweight vehicles 

that carry just a few passengersò (Furman, et al., 2014). Unlike autonomous personal vehicles 

that depend on integrated sensors to get around, ATN depend primarily on a central control 

management for vehicles within the network (Furman, et al., 2014). Typically, the complex 

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

vehicles, stations along with equipment and materials, power source, and operations and 

maintenance facilities (Furman, et al., 2014). The market and supplier availability for ATN 

projects is limited, with credible suppliers being able to deliver an ATN project of 5-15 stations 
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after two or three years from the start of construction (Furman, et al., 2014). Currently, there are 

only five systems in the world that qualify to be classified as ATNs (Furman, et al., 2014). The 

Spartan Superway plans to be another, with the ability to operate from stored energy. An ATN 

coupled with solar power generation can offer a new form of urban transportation with ñexcellent 

levels of service and environmental sustainabilityò (Furman, et al., 2014). 

 

 
Figure 2 ï Concept of a solar powered automated transit system. Source: (Furman, et al., 2017). 

 

The Spartan Superway is an automatic transit network project being undertaken at San Jose State 

University that can offer development in public health and transportation. In addition to cutting 

down on emissions, ATNs can also increase traffic safety. Aspects associated with traffic safety 

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

the relationship of accidents and commercially gentrified areas, such as the Bay Area, 

determined that ñcommercially gentrified transit-oriented districts in both Los Angeles 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 experienced commercial gentrificationò (González, et al., 2019). One 

of the many factors contributing to higher collision rates is 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 infrastructure (Kim & 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 transportation, environment, and public safety.  

 

Determining energy requirements for the system is needed. A simulation based on Madagascar 

Cityôs personal rapid transit system decided on an average vehicle power consumption of 250 

Wh/km while estimating an average energy consumption of 4000 kWh per day (Mueller & 

Sgouridis, 2011). Determining power demand of an ATN will be critical when sourcing battery 

storage components. In a simulation to determine traction power of an ATN-PRT vehicle, a peak 

power demand of about 22.5 kW with an average value of 2.75 kW was calculated (Kozlowski, 

2018). An article by Dasczuk (Daszczuk, 2019) proposes ñseveral benchmarks of ATN systems 

and their characteristicsò that can be taken into consideration to further analyze such systems.  

Although many of the systems and technologies discussed are not identical to the Spartan 
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Superway, they may share 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, the sun provides enough energy to meet global energy needs for approximately 

one year (Messenger & Abtahi, 2017). PV panels are one type of renewable energy technology. 

They generate electrical energy from the energy provided by sun in the form of light. The design 

foundation of PV systems are PV cells (Messenger & Abtahi, 2017). In general, a ñphotovoltaic 

cell produces less than 5W at approximately 0.5 VDCò (Messenger & Abtahi, 2017). As a result, 

cells are connected in series-parallel configurations to meet the power demands of high-power 

applications (Messenger & Abtahi, 2017). Research done in 2011 listed crystalline, thin film, 

compound, and nanotechnology as four major types of PVs are (Chaar, et al., 2011). Recent 

research shows that current solar PV technologies are crystalline, thin film, hybrid PV, dye-

sensitized, and organic (Kumar & Kumar, 2017). This section will focus on crystalline and thin 

film technologies. Crystalline PVs use silicone for cells and can be classified as mono-

crystalline, poly-crystalline, and emitter wrap through (Chaar, et al., 2011). At the moment, 

25.6% has been the highest reported efficiency for a single crystalline silicon solar cell (Kumar 

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

glass, polymer, or metal substrates (Kumar & Kumar, 2017). Thin film PVs can be made from 

amorphous silicon cells, Cadmium Telluride/CdS cells, Copper-Indium-Selenide and Copper-

Indium-Gallium-Diseleni cells, and Copper zinc tin sulfide cells (Kumar & Kumar, 2017). 

Efficiencies of thin film solar cells generate concerns due to their high capture loss (Kumar & 

Kumar, 2017). Many solar cells are put together to make one PV module and modules are 

grouped to create a solar array. 

 

 
Figure 3 ï Current characteristics overview of solar photovoltaic cell technologies. Source: 

(Shubbak, 2019). 
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PV modules, or panels, can have an output power peaking anywhere from a few watts to more 

than 400 W (Messenger & Abtahi, 2017). A ñtypical array output power is in the 100 W-to-kW, 

although megawatt and gigawatt arrays are now becoming more commonplaceò (Messenger & 

Abtahi, 2017). PV systems may benefit from battery storage through energy storage, transient 

suppression, system voltage regulation, and a source of current that can be more than the PV 

array capabilities (Messenger & Abtahi, 2017). A PV module and array have a DC output which 

might be required to go through an inverter to convert to AC (Messenger & Abtahi, 2017). A PV 

system connected to the utility grid has the option of giving the grid excess energy generated or 

using energy from the grid when PV generation is not enough (Messenger & Abtahi, 2017). 

When connecting PV systems to the grid, certain considerations must be considered. For 

instance, ña grid connected system needs to incorporate suitable interfacing circuitry so that the 

PV system will be disconnected from the grid in the event of grid failureò (Messenger & Abtahi, 

2017). 

 

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

importance to build an optimized system. PV systems costs are expected to decrease around 30% 

until 2026, with modules and inverters showing the most reduction of cost (Trube, 2016). This 

will make such systems much more accessible. 

 

1.2.3 Energy Storage 

 

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

and battery, pumped hydro, magnetic, chemical and hydrogen, flywheel, and thermal (Koohi-

Fayegh & Rosen, 2020). Furthermore, batteries 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 chemical energy (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 electrodes (Luo, et al., 2015). Different chemistry combinations are available, 

such as sulfur and oxygen for lithium ion batteries, each having certain characteristics (Van 

Noorden, 2014). 

 

 
Figure 4 ï General setup and internal structure of batteries. Source: (Luo, et al., 2015). 
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1.2.3.1 Lithium and Related Battery Storage 

 

Various options within the solid electrode battery category are available and are constantly being 

studied. A recently published article compared four different battery types for electric vehicles. 

The batteries compared were Lithium Ion (Li-Ion), Molten Salt (Na-NiCl2), Nickle Metal 

Hydride (Ni-MH), and Lithium Sulphur (Li-S). The authors concluded that Molten Salt batteries 

where the best choice in terms of energy consumption, with a consumption of 12.6 kWh/100 km 

(Iclodean, et al., 2017). Additionally, they offer low prices, ñincreased lifecycle or great 

functioning under normal parameters in harsh environmentsò (Iclodean, et al., 2017). A 

disadvantage is the need to have an external system to maintain the batteryôs temperature due to 

the possibility of the electrolyte solidifying if the vehicle is not used (Iclodean, et al., 2017). 

Nickle Metal Hydride batteries had a fair energy consumption of 15.7 kWh/100 km. Moreover, 

they are not too efficient, have an increased energy density, are heavy, and the technology can be 

considered outdate (Iclodean, et al., 2017). Lithium Sulphur had a consumption of 17.2 kWh/100 

km, making it the highest energy consumption battery of the four (Iclodean, et al., 2017). Their 

light weight, high energy storage capacity, and low price compared to other batteries make it one 

of the best solutions for systems with high storage requirements (Iclodean, et al., 2017). Lithium 

ion batteries have a modest energy consumption of 14.7 kWh/100 km (Iclodean, et al., 2017). 

They are useful where ñresponse time, small dimension, and weight of equipment are importantò 

(Luo, et al., 2015). 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 life of 20,000 cycles, energy density of 

500 kWh/m3, and specific energy of 200 Wh/kg (Luo, 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 potential (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 battery (Luo, et 

al., 2015).  

 

As with other design challenges, safety must be considered. Lithium-ion batteries have been 

known to pose a flammability hazard (Messenger & Abtahi, 2017). Some electrolytes used in 

lithium-ion batteries may consist of dimethyl carbonate which ñhas a flammability rating of 3 on 

a scale of 0 ï 4, indicating a high risk of ignitionò (Wong, et al., 2014). This may require lithium 

batteries to have a ñmore sophisticated battery management system (BMS) that monitors voltage 

and temperature of every cellò to control cell voltage and charge (Messenger & Abtahi, 2017). 

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 

reasonable assumptions about energy consumption and the factors affecting it. 

 

1.2.3.2 Lead Acid Battery Storage 

 

Lead acid batteries are the most widely used rechargeable batteries (Luo, et al., 2015). They have 

a lead dioxide cathode, lead anode, and sulfuric acid electrolyte. Characteristics of these batteries 
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are low capital costs of 50-600 $/kWh, cycling life of up to 2000 cycles, energy density of 50-90 

kWh/m3, and specific energy of 25-50 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 on stand-by to be 

maintained close to 100% state of charge, are capable of lower full cycles per day, and have a 

slower charging rate (Power Sonic, 2020). The life of a lead acid battery can be drastically 

reduced if subjected to temperatures change. For instance, the lifetime of the battery can be 

ñshortened to 44% of its expected lifetime at 25ÁCò if it operates at 35ÁC (Messenger & Abtahi, 

2017). To add, proper ventilation for battery is needed ñto vent any hydrogen or other gasesò 

(Messenger & Abtahi, 2017). Like pumped hydro, lead acid batteries can be considered a mature 

technology, which have only seen a small change in cost over the past two decades (Koohi-

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

in an article on current developments in electrical energy storage (Luo, et al., 2015).  

 

 
Figure 5 ï Charging profile of lead acid and lithium iron phosphate batteries.  

Source: (Power Sonic, 2020) 

 

 

1.2.3.3 Flow Battery Storage 

 

Flow batteries can store energy using two electrolyte reservoirs, electrochemical cell, cathode, 

anode, and membrane separator (Koohi-Fayegh & Rosen, 2020). The electrolytes can be pumped 

from the reservoirs to the cell stack, or electrochemical cell (Luo, et al., 2015). The cell stack 

consists of two electrolyte flow compartments divided by an ion selective member (Luo, et al., 

2015). The electrolyte solutions go through reduction oxidation reactions when charging and 

discharging (Luo, et al., 2015). During charging, an electrolyte is oxidized at the anode and the 

other electrolyte is reduced at the cathode (Luo, et al., 2015). Flow batteries may suffer from 

ñlower volumetric energy storage, higher energy losses between charge and discharge than 

nonflow unitsò, and some utilize toxic chemicals (Messenger & Abtahi, 2017). During discharge, 

the process is reversed to output electrical energy (Luo, et al., 2015). Currently, the vanadium 

redox flow battery (VRFB) is one of the most mature flow battery system (Luo, et al., 2015 
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Figure 6 ï Vanadium redox flow battery diagram. Source: (Luo, Wang, Dooner, & Clarke, 

2015). 

  

VRFBs have an energy capital cost of 1,000 $/kWh, can operate for about 10,000ï16,000 cycles 

with efficiencies up to 85%, energy density of 33 kWh/m3, specific energy of 30 kWh/kg, and 

can be designed to provide continuous power while discharging for 24 hours or more (Luo, et al., 

2015A study conducted to monitor capacity loss for a VRFB showed that after 140 charge and 

discharge cycles, the cell capacity dropped from 1245.4 mAh to 651.5 mAh (Wei, et al., 2018). 

The capacity loss was ñattributed to the electrolyte imbalance in the two-half cells associated 

with the volumetric transfer of electrolyte from the positive into the negative half-cell and the 

build-up of vanadium in one half-cell caused by the differential rates of diffusion of the different 

vanadium ions across the membraneò (Wei, et al., 2018). Furthermore, a recent study on a VRFB 

examined the reaction of the battery under short circuit conditions. Under such conditions, the 

flow battery was found to be ñstable to external shorting, with no leakage, smoke or fire 

occurring under several realistic scenariosò (Whitehead, et al., 2017). To be suitable for varying 

applications, VRFBs can be adjusted in physical size. Recent work has been done for nontoxic 

organic electrolytes to be used in flow batteries (Messenger & Abtahi, 2017). However, 

challenges that remain include low energy density due to electrolyte instability and relative high 

cost of operation (Luo, et al., 2015). The ñincreased capital and operating costs in comparison to 

batteriesò is influenced by the needed pump system and control of flow for external storage 

(Koohi-Fayegh & Rosen, 2020). A small list of facilities that have implemented a VRFB system 

is shown in an article on current developments in electrical energy storage (Luo, et al., 2015). 
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Figure 7 ï Efficiency and lifetime graph of energy storage technologies. These include flow 

battery, Nickle-Cadmium, Sodium-Sulfur, Lithium-ion, flywheel, supercapacitors, and 

superconducting magnetic energy storage. Source: (Koohi-Fayegh & Rosen, 2020). 

 

 

1.2.3.4 Battery Cost Trends 

 

One common goal that all battery combinations move towards is increasing capacity and 

reliability while driving cost and size down. As with PV 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 recent update on lithium ion utility-scale storage system 

costs projected that there would be a reduction in capital cost of 10-52% by 2025 (Cole & 

Frazier, 2019). This will be of benefit when it is time to purchase batteries. 

 

1.2.4 Utility -Scale Systems   

 

Utility -scale systems are globally present, and they provide examples of technology that can be 

applied to similar projects. Research done for energy storage has resulted in various 

recommendations for utility-scale systems. For renewable energy storage, lithium iron phosphate 

(LFP) batteries are recommended as most stable and plausible technology for the application 

(Messenger & Abtahi, 2017). Alternatively, researchers have found that flow batteries have 

offered acceptable energy densities recently and some believe that they can offer ña more cost-

effective technology for utility-scale energy storageò (Messenger & Abtahi, 2017). For flow 

batteries, good energy density has been achieved and some believe that they can offer ña more 

cost-effective technology for utility-scale energy storageò (Messenger & Abtahi, 2017). Various 

options are available for any application.  
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Recent research done in the utility-scale system area can give insight into options available for 

larger scaled systems. An analysis on European policy and market was recently conducted to 

study the effects of reusing electric vehicle batteries for their electricity grid. The analysis 

concluded that ñdespite falling prices of new batteries,ò the reuse of electric vehicle batteries 

should be considered to have a more ñsustainable battery supply chainò (Gur, et al., 2018). Doing 

so could also generate employment when having batteries repurposed and lower the demand for 

new batteries (Gur, et al., 2018). This could be something to consider when it is time to purchase 

batteries when the full build takes place. Similarly, UC Davis set up a microgrid electrical energy 

storage system intended to store energy generated from solar panels utilizing used Nissan Leaf 

electric vehicle batteries for their winery and food science building (Park). A journal on utility-

scale power tower solar systems discusses two types of test runs that test performance. The two 

tests are essentially a power test and a reliability test (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 designed.  

 

Planning a grid tied system must take into consideration costs and layouts. An analysis 

conducted on residential PV systems with battery storage showed insight of costs associated with 

renewable energy storage systems. Emphasis was placed on the importance of ñbattery and PV 

size optimization to balance battery utilization, self-sufficiency, and self-consumptionò (Tervo, 

et al., 2018). Although specific values can vary by location, a minimum levelized cost of 

electricity of about $0.11 per kWh was calculated for 7 kWh of storage (Tervo, et al., 2018). A 

U.S. utility-scale PV 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 $209/kWh could be 

between $380/kWh and $895/kWh, for a 4 hour and 0.5 hour system respectively (Fu, Remo, & 

Margolis, 2018). In addition, ñco-locating the PV and storage subsystems produces cost savings 

by reducing costs related to site preparation, land acquisition, permitting, interconnection, 

installation labor, hardware, overhead, and profitò (Fu, et al., 2018). DC-coupled systems were 

found to have an 8% lower cost than a separately sited system (Fu, et al., 2018). DC-coupling 

had a 1% lower cost than AC-coupling (Fu, et al., 2018). The report offers more information on 

DC and AC systems differences.   

 

Adaptations of technology and methods used in current systems around the world can be 

implemented onto the Spartan Superway project accordingly. Other than cost savings, ñretrofit 

considerations, system performance, design flexibility, and operations and maintenanceò are 

added factors to consider (Fu, et al., 2018). 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 several main components that allow electricity to be transferred. Pacific 

Gas & Electric Company (PG&E) is a gas and electricity utility company, based in California, 

that provides its services to areas such as the Bay Area. Their electric grid system consists of 

PG&E generators, independent generators, out-of-state generators, transmission systems, 



12 
 

substations, distribution systems, and individual services. They use voltages ranging from 120V 

to over 500 kV to deliver electricity. Understanding the grid and its components is important 

when planning for a grid tied system.  

 

 
Figure 8 ï PG&Eôs electric system and components. Source: (Shoemaker, n.d.). 

 
Figure 9 ï Typical voltages used in the electric grid. Source: (Shoemaker, n.d.). 

 

In California, the California Independent System Operator (CAISO) ñmanages the flow of 

electricity across the high-voltage, long-distance power lines for the gridò (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 the substantial renewable energy generated, there has 

been an over generation challenge (Park, n.d.). With PV systems, there is over generation during 

the daytime yielding grid energy generation to quickly ramp down their power output (Park, 

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 generation (Park, n.d.). Energy 

storage can help alleviate this issue by storing some of the excess energy and discharging during 

the night to lower the demand of electricity from the grid (Park, n.d.). The college of engineering 

at UC Davis set up their own microgrid, using Nissan Leaf ñsecond-lifeò batteries, for a campus 

building to experiment and address the over generating challenge. They found that electrical 
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energy storage helped more during the summer regarding cost and CO2 reductions (Park, n.d.). 

During the winter, grid power was used to charge the energy storage system as there was less 

energy generated by the solar panels. Having a system integrated with the grid can be of benefit 

to the grid and the system being worked on. 

 

 
Figure 10 ï Duck curve provided by CAISOôs. Source: (CAISO, 2016). 

 

A PV system with energy storage must be up to certain established standards if it is to be 

connected to the grid. These standards ñare critical to the development of solar power generation 

and will support the commercialization of the PV technology, reduce manufacturing operating 

costs, and ensure a safe and reliable operation of power systemsò (Wu, et al., 2017). International 

standards such as IEEE 157, IEC 61727, and IEEE Std 929 have been modified and merged into 

national standards by the US (Wu, et al., 2017). A book on PV systems engineering discusses 

codes and standards at a more national level (Messenger & Abtahi, 2017). More of these codes 

and standards that are relevant can be seen in the Appendix. In addition to these electrical system 

standards the structural 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 are subjected to safety standards that apply to driverless metros, shuttle, 

and circulators (Furman, Fabian, Ellis, Muller, & Swenson, 2014). To add, existing standards 

might need to be broaden for ATN as they can be more complex (Furman, et al., 2014). 

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.  

 

2.0 METHODOLOGY  

 

The methodology section of this report will describe the steps taken to achieve the project 

objectives. Designing an energy storage unit requires determining the size of storage needed 

through energy demand and supply analysis. A Matlab computational model created by 

Fogelquist (Fogelquist, 2019) is used to calculate energy demand and supply for the transit route. 

The purpose of this is to build on top of previous research done for the route. Energy demand 

and supply are converted to values based on time for clearer analysis on google sheets. 
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Additional factors, such as safety, standards, and costs, are considered as well. A design case 

study is done to explore a custom solution and determine logistics of a storage unit for the 

system.  

  

2.1 Energy Demand 

 

The energy demand of the system will  be of help to determine the energy storage capacity 

needed. The model created by Fogelquist is used 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 another. For the Superway, this will represent the time interval when traveling 

between two stations. As displayed by Anderson (Anderson, 1978), the trip time can be 

calculated with the following equation: 
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The variables and their descriptions for equation (1) are: 

 

¶ ὸ (trip time): Time for station to station travel (s) (Anderson, 1978) (Fogelquist, 2019) 

(Furman, 2016). 

¶ ὸ (dwell time): Time spent at a station (s) (Anderson, 1978) (Fogelquist, 2019) 

(Furman, 2016).  

¶ Ὀ (average trip distance): Average distance traveled between station to station, or in 

time ts (m) (Anderson, 1978) (Fogelquist, 2019) (Furman, 2016). 

¶ ὠ (line speed): Operating speed of vehicle (m/s) (Anderson, 1978) (Fogelquist, 2019) 

(Furman, 2016). 

¶ ὥ  (maximum acceleration): Maximum vehicle acceleration (Anderson, 1978) 

(Fogelquist, 2019) (Furman, 2016).  

¶ ὐ (jerk): Derivative of acceleration with respect to time (m/s3). J1 is the rate when am is 

reached. J2 is the rate when am reaches zero (Anderson, 1978) (Fogelquist, 2019) 

(Furman, 2016) . 

 

Anderson mentions that the relationship J1 = J2 can be assumed when ñdealing with off-line 

station systemsò (Anderson, 1978). As a result, the equation is further simplified by allowing J1 

= J2 = am for an ATN (Fogelquist, 2019). The simplified equation is shown by Fogelquist as: 
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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 time (ts) (Anderson, 1978). 
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The equation was modified by Furman to incorporate a static rolling resistance correction factor 

(Fogelquist, 2019) (Furman, 2016). The correction factor was intended to account for ñrolling 

resistance of the switching wheels and wayside pickup shoesò (Fogelquist, 2019). Taking into 

consideration these additional characteristics of ATNs can yield better results. The modified 

equation with the static rolling resistance correction factor (ksrr) is displayed as (Fogelquist, 

2019): 
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(4) 

Variables for equation (4) can be describes as follows: 

 

¶ –Ӷ (average motor efficiency): Average efficiency of motor in vehicle (Fogelquist, 2019) 

(Furman, 2016). 

¶ –  (regenerative braking efficiency): Kinetic energy proportion recovered through the 

regenerative braking system during one trip (Fogelquist, 2019) (Furman, 2016). 

¶ ὔ  (number of vehicles in train): Amount of vehicles traveling together within the 

network (Fogelquist, 2019) (Furman, 2016). 

¶ ά  (vehicle mass): Mass of one vehicle (kg) (Fogelquist, 2019) (Furman, 2016). 

¶ ”  (air density): Density of air (kg/m3) (Fogelquist, 2019) (Furman, 2016). 

¶ ὅ  (drag coefficient): Coefficient of drag (Fogelquist, 2019) (Furman, 2016). 

¶ ὃ  (frontal area): Frontal are of one vehicle (m2) (Fogelquist, 2019) (Furman, 2016). 

¶ ộὠỚ (mean square wind speed): Average of the squared hourly wind speed (Fogelquist, 

2019) (Furman, 2016). 

¶ Ὧ  (static rolling resistance correction factor): Correction factor for static rolling 

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

ATN vehicle (Fogelquist, 2019) (Furman, 2016). 

¶ ὅ  (static rolling resistance coefficient): Coefficient for static rolling resistance 

(Fogelquist, 2019) (Furman, 2016). 

¶ Ὣ (acceleration due to gravity): Acceleration due to gravity (m/s2) (Fogelquist, 2019) 

(Furman, 2016). 

¶ Ὑ  (wheel radius): Radius of wheels on vehicle (m) (Fogelquist, 2019) (Furman, 2016). 

¶ ὅ  (dynamic rolling resistance coefficient): Coefficient of dynamic rolling resistance 

(Fogelquist, 2019) (Furman, 2016). 



16 
 

¶ ῳὬ  (average change in elevation): Change in elevation for an average trip from one 

station to another (m) (Fogelquist, 2019) (Furman, 2016). 

¶ ὖ  (auxiliary power): Auxiliary power demand of a single vehicle (W). This can 

include items such as air conditioning load, door control, and lights (Fogelquist, 2019) 

(Furman, 2016). 

 

The hourly system energy demand will be calculated with results from the computational model. 

The results of the model include number of vehicles on route, average system power demand, 

and annual system energy demand (Fogelquist, 2019). The following equation is used to 

determine hourly demand of a vehicle on the transit route. 

 

 Ὁ
Ὁ

ὔ
 

(5) 

 

The variables are: 

 

¶ Ὁ  (vehicle hourly demand): Hourly energy demand of one vehicle within the system. 

Fogelquist uses Ὁὸ  in place of this variable in (Fogelquist, 2019). 

¶ Ὁ  (average system demand): Average hourly energy demand of the system. This value 

is calculated from Fogelquistôs model (Fogelquist, 2019). 

¶ ὔ  (number of system vehicles): Number of vehicles in the system.    

 

To better approximate the energy demands the system might face on an hourly basis, data from a 

local shuttle transit system is implemented (Ngo, 2016). Since the shuttle and Superway have a 

similar route, the hourly passenger data pertaining to the shuttle will represent the number of 

passengers the Superway system might have to transport within a day. Passenger data from the 

busiest day is used. Doing 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 six 

passengers in a Superway vehicle using equation (6). This value is calculated hourly for one day 

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

vehicles.  

 

 ὔ
ὔ

ὔ
 

(6) 

 

The variables are descried as follows: 

 

¶ ὔ  (number of vehicles needed): Number of vehicles needed for the Superway to 

transport a number of passengers based on park and ride shuttle data. This value is 

calculated for each hour, for one day.  

¶ ὔ  (number of shuttle passengers): The number of passengers that used the park and ride 

shuttle. This value is not constant each hour.  
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¶ ὔ  (maximum number of passengers): The maximum number of passengers that can use 

one Superway vehicle.  

 

The hourly system demand is computed using the following equation: 

 

 Ὁ ὔ Ὁ  (7) 

 

Where: 

 

¶ Ὁ  (hourly system demand): Hourly energy demand of system based on statistics for 

park and ride shuttle. 

 

2.2 Energy Supply 

 

The energy supply for the Spartan Superway is intended to approximate the electrical power 

supplied by the PV system. This is done through a simulation using the computer model created 

by Fogelquist (Fogelquist, 2019). An excel sheet with hourly data of power generated for a year 

is obtained from the simulation. The model considers the route, irradiance, shading, and array 

profile (Fogelquist, 2019).  

 

The hourly array power output is calculated with equation (8) (Fogelquist, 2019).  

 

 ὖȟ – ὖ ȟ ȟὔ ȟ ὖ ȟ ȟὔ ȟ  

 

(8) 

 

The variables can be detailed as follows: 

 

¶ ὖȟ: Hourly array power output (Fogelquist, 2019). 

¶ – : Electric efficiency system (Fogelquist, 2019). 

¶ ὔ : Number of subarrays in the array (Fogelquist, 2019). 

¶ ὖ ȟ ȟ: Hourly DC power output of a single unshaded module (Fogelquist, 2019). 

¶ ὔ ȟ: Hourly number of unshaded modules in subarray (Fogelquist, 2019). 

¶ ὖ ȟ ȟ: Hourly DC power output of a single shaded module (Fogelquist, 2019). 

¶ ὔ ȟ: Hourly number of shaded modules in subarray (Fogelquist, 2019). 

 

Electrical efficiency includes the efficiency of the inverter (– ), wiring (– ), electrical 

connections (– ), and module mismatch (– ). This is seen in equation (9) (Fogelquist, 2019). 

 

 – – – – –  

 
(9) 
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The hourly power outputs of the leg and canopies of the station are added to get the hourly power 

output of the system (ὖ ȟ) (Fogelquist, 2019).   

 

 ὖ ȟ ὖȟ (10) 

 

The overall power output for each day in a year is calculated from the computed hourly power 

outputs of the system. From the 365 values calculated, the least productive day is chosen, and its 

hourly power outputs are collected for further analysis.  

 

2.3 Surplus 

 

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

power generated and the power demand. A positive net power surplus shows that excess power is 

available for storage or exporting to the utility while a negative net power surplus will be a result 

of power demand being greater than the power being generated. This will 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 year. The hourly demand values for the most demanding day based on the shuttle data 

will be used for all days of the year when calculating the difference. The following equation will 

be used to calculate the surplus where Ὓ is the net surplus power, ὖȟ is the hourly power output, 

and Ὁ  is the hourly system demand.  

 

 Ὓ ὖȟ Ὁ  (11) 

 

2.4 Electric Energy Storage Size 

 

Sizing of the storage is based on the electrical demand and electrical supply values calculated on 

an hourly basis for a day. The electrical demand uses data from the park and ride shuttle to 

establish what a most demanding day could look like. The day with the least amount of electrical 

energy generated is used to establish the least producing day. A graphical comparison of these 

two data sets will represent what an overall worst-case scenario for a day could be.  

 

To simplify calculating the amount of energy storage needed, the hourly electrical demands 

(Ὁ ) are summed to obtain the total electrical demand (Ὁ ) of the most demanding day. 

 

 Ὁ  Ὁ  (12) 

 

The same is done for energy supply. The hourly electrical supply (ὖ ȟ) is summed to obtain 

the total electrical energy supplied (Ὁ ) during the least producing day.  

 

 Ὁ  ὖ ȟ (13) 
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The values are subtracted to evaluate the total amount of electrical energy available to be stored. 

This is done under the assumption that no further loses are present. 

 

 Ὁ Ὁ Ὁ  (14) 

 

This method is an alternative to finding the area under both curves produced by the data set. The 

value calculated represents the minimum amount of energy storage needed to store energy 

produced by Superwayôs PV system on a worst-case scenario day. Moreover, looking at the 

overall electrical demand for the busiest day shows how much storage would be needed to 

operate the Superway system solely on stored electrical energy.   

 

To properly determine load on batteries (ὒ), a wiring (ὲ ) and inverter (– ) efficiency are 

accounted for as shown in equation (15) (Messenger & Abtahi, 2017). 

 

 ὒ
Ὁ

– ὲ
 

(15) 

 

To further characterize the battery and system based on voltage or current, the general equation 

(16) can be used. 

 

 ὖ ὠὍ (16) 

 

A rearranged and slightly modified version of equation (16) is used to covert the load on the 

batteries to current loads in Amp hours as shown in equation (17) (Messenger & Abtahi, 2017). 

The load on the batteries (ὒ) is divided by the nominal voltage (ὠ ) of the system. It can be 

multiplied by a factor of 1.25 to account for batteries needing to shut down and recharge once 

they supply no more than 80% of their capacity (Messenger & Abtahi, 2017).  

 

 Ὅ
ὒ

ὠ
 

(17) 

 

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 network. A high-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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Figure 11 ï Mind map of a battery storage unit for the Superway.  

 

The design of the storage unit 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 project, both options were explored. Utility-scale storage units 

currently available in the market were looked at for the latter option. Examples of companies that 

offer utility-scale storage include Teslaôs Megapack (Tesla, 2020), Oilfieldôs lithium battery 

storage units (Oilfield Instrumentation, 2020), Generacôs storage (Generac, 2018), Aggrekoôs 

storage (Aggreko, 2020), ABB (ABB, 2020), and EOS (EOS, 2020). Many of these units have 

temperature control, safety features, and can be scaled depending on storage needs (Oilfield 

Instrumentation, 2020). A comparison of such storage units can be done to 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 are AC-coupled or DC-coupled systems. 

Their characteristics are evaluated to determine the best option for the system design presented. 

Typically, in an AC-coupled system the electrical output of the solar panels is converted from dc 

to ac with a microinverter before it is distributed throughout the rest of the system. Another 

inverter is used before the battery to convert from AC to DC and allow electricity to be stored. In 

a DC-coupled system, the electrical output of the solar panels typically remains as DC 

throughout most of the system. An inverter is used to convert from DC to AC before entering the 

grid for compatibility.  
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Figure 12 ï Configuration examples of DC and AC-coupled PV and storage systems. Source: 

(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 distributed would 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, wire lengths may have to reach far 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. Alternatively, 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 Cost 

 

Approximating a cost for the system can be complex due to changing costs, changes in 

technology due to developments, and some unknown costs for components. An energy storage 

installation cost can be approximated using equation (17) provided in a storage system cost 

benchmark report (Fu, et al., 2018).  
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 (18) 

 

Similarly, a report on cost projections for utility-scale storage uses equation (19) to establish an 

anticipated cost trend (Cole & Frazier, 2019).  
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(19) 

 

The cost trend established in Figure 13 is used to approximate the cost of the needed storage for 

the Superway. 

 

 
Figure 13 ï Cost projections for lithium-ion systems. Source: (Cole & Frazier, 2019). 

 

3.0 RESULTS AND DISCUSSION 

 

This section of the report will discuss the analytical results obtained and discuss a proposed 

design and layout of the storage unit for the north-south 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 for the Superway. The demand and supply simulated values were 

obtained through a computational simulation for PV canopies for solar-powered transit designed 

by Fogelquist (Fogelquist, 2019). The data obtained was further analyzed and manipulated to 

show a worst-case scenario for the route on an hourly basis for one day. This 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 system, various values and characteristics shown in Table 1. 

were used in the simulation. The simulation used equation (4) to calculate power and energy 

values. 
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Table 1 ï Superway transit system characteristics for simulation. 

 
 

The yearly energy demand of the system was calculated to be 14.1 GWh. The vehicle hourly 

energy demand was determined to be 10.4 kWh. This yields an approximate average efficiency 

of .27 kWh/km per individual vehicle. The efficiency is among typical electric vehicle 

efficiencies in the market (U.S. Environmental Protection Agency, 2020). 

 

3.1.2 Energy Supply Results 

 

The computer model sized a PV canopy to meet the electrical demand of the system and 

simulated the hourly electrical generation for a whole year using equation (10). The total power 

generated each day was calculated for a whole year, or 365 days. A function within google sheets 

was used to highlight the lowest and highest value from all the values. The highlighted values 

corresponded to a specific day. The hourly data from the highlighted days were gathered and 

graphed. A total power of 7.3 MW in a day was the lowest generated power for the year. A total 

power of 131.9 MW was the highest generated power for the year. Hourly energy generated 

results can be seen in Table 2 for lowest producing day. 
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Table 2 ï Energy supply to system. 

 
 

 
Figure 14 ï 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 differences between hourly 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 into what time of a day the system may need 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.   

 

 
Figure 15 ï Daily net power surplus for year.  
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Figure 16 ï Hourly power generated and demand for most busy day in model.  

 

 

3.1.4 Electrical Energy Storage Size 

 

The energy demand and supply were compared to determine the required storage size. The 

hourly number of passengers collected from the park and ride shuttle is shown in Table 3 for the 

busiest day. The number of vehicles needed was calculated using equation (6) while assuming a 

maximum occupancy of six passengers per vehicle. The vehicle hourly energy demand was used 

to calculate the hourly system demand based on passenger data with equation (7). The hourly 

demand of the system calculated represents what a most demanding day could look like based on 

passenger data from a transportation shuttle that has a similar route. 
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Table 3 ï Energy demand on system based on passenger data. 

 
 

 
Figure 17 ï Least and most busy energy demands on system based on park and ride shuttle data. 

 

Figure 18 shows a graphical representation of the hourly energy demand and supply. This was 

used to analyze a worst-case scenario for the route.  
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Figure 18 ï Energy supply and energy demand in worst-case scenario. 

 

As seen on the graph in figure 19, the mornings and evenings have an energy demand that is not 

covered by generated energy. Energy generation is concentrated more 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 was 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 for about two days since PG&E can take up to 24 hours to restore 

electric service unless otherwise planned or factors that are out their control arise (PG&E, 2020). 

A 2% energy loss for wiring between inverter and loads was considered as recommended by 

Messenger and Abtahi (Messenger & Abtahi, 2017). Equation (15) and a multiplication factor of 

1.25 suggested by Messenger and Abtahi were used to account for more efficiencies and a 

discharge safety. The actual storage size needed was computed to be 4.97 MWh for one day. For 

two days the storage size required would be approximately 9.95 MWh. This storage size could 

also serve as a supplement to make up for any discrepancies in energy demand and supply under 

normal operation.  
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Figure 19 ï Regions of overgeneration and shortage of energy for energy supply and demand 

worst-case scenario. 

 

3.2 Electrical Energy Storage Unit 

 

The designs for the electrical energy storage unit proposed in the following sections are based off 

values provided by the computational model and recommended sizing calculations for PV 

systems. The 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 design can be based off a storage container design or a more compact unit. The 

larger units can have dimensions close to dimensions of typical storage containers. These could 

be close to eight by twenty feet. Four unit 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 design option is Teslaôs Megapack which offers a complete storage system 

rated at 3 MWh maximum energy capacity (Tesla, 2020). Their product is scalable, offers an all-

in-one tested system, has low installation times, and the company helps with planning and 

installation (Tesla, 2020). Similarly, Tesla offers the Powerpack with a capacity of 232 kWh and 

smaller footprint (Tesla, 2020). They offer an even more compact storage unit known as the 

Powerwall which offers 13.5 kWh (Tesla, 2020). The other larger unit design option is Oilfield 

instrumentationôs lithium battery storage units. Their units are available in different sizes and are 

designed with features to safely handle battery storage (Oilfield Instrumentation, 2020). To add, 
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an article on safety in large scale energy storage deployments suggests isolating battery racks to 

help with fault detection (Fishman, 2020). This can be considered as Oilfieldôs units do not 

include batteries with their storage units which leaves more flexibility to choose battery types 

and more control over electrical storage size. Table 4 shows the units and number of units 

needed at each station or at four stations to meet storage requirements. Additional technical 

specifications, such as operating voltage, dimensions, and certifications, can be seen in the 

Appendix section of the report. 

 

Table 4 ï Possible unit designs. Source: (Tesla, 2020), (Oilfield Instrumentation, 2020), (Tesla, 

2020), & (Tesla, 2020).  

 
 

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 between a fully distributed or centralized layout. A partially distributed systems can 

offer less to the whole storage system if one unit fails, require less wiring to reach a station, 

reduce the total footprint taken at each location, and maintain reasonable maintenance and 

servicing capabilities. Additionally, the suggested locations of the units are surrounded by a few 

fire stations. This is beneficial as batteries can pose flammability hazards if they fail. Four 
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suggested locations to place the storage units are next to Superway stations that are surrounded 

by open spaces owned by San Jose State University.   

 

 
Figure 20 ï Recommended locations for storage units at station locations.  

 

 

 
Figure 21 ï Possible locations for storage units. Source: google maps. 

 

An electrical coupling system for the main components was defined to have a system in place 

incase an electrical energy storage unit purchased does not. The two options for the storage unit 

were AC-coupling and DC-coupling. 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 efficiency is a driving factor for this project, a DC-coupled 

1 

2 

3 
4 
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system can be recommended as it offers lower costs and maximizes efficiency between PV array 

and battery (Fu, Remo, & Margolis, 2018). Cost are lowered due to only needing one 

bidirectional inverter which lowers the amount of hardware and materials needed (Fu, Remo, & 

Margolis, 2018). Overall efficiency of the system is maximized as having less components helps 

with roundtrip efficiency and PV array and batteries are directly connected (Fu, Remo, & 

Margolis, 2018). To add, if batteries are purchased separately it is recommended to isolate the 

battery racks to help with fault detection (Fishman, 2020). A general DC-coupled system 

configuration can be seen in figure 22. An AC-coupled system is recommended if retrofitting 

and more flexibility with installation location of various components is desired (Fu, Remo, & 

Margolis, 2018).  

 

 
Figure 22 ï DC-coupled system general configuration. Adapted 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 shorter lengths of 

wire and related materials, avoid planning for other site, more visible impact on station area, and 

closer to pedestrians, potentially putting safety of surroundings at higher risk. Similarly, a 

smaller unit may impose similar effects on the area, but it might be able to blend in more with 

some sort of suspended installation. Having a larger unit installed away from a station would 

require longer lengths of wire and related materials, need more planning for the site, less visible 

impact on station area, and further from pedestrians, potentially resulting in less of a safety 

hazard in the case of failure. A smaller unit placed away from a station would share similar 

characteristics. Another possibility would be to use a combination of larger and smaller units. 

The larger units can be used to storage the energy for the podcars while smaller units can be used 

to power stations. Wiring for a unit far away from a station could have cables ran underground or 

overhead. If a unit can be placed next to a station, then the wiring could run along the station. 

While ñutilities report that it can cost five times more to install underground power line than 

overhead line,ò underground wiring could be safer during severe weather conditions and will 

keep wires away from people, wildlife, or objects (Thiele, 2019). Wiring for a unit at the station 

will require choosing proper conduit, conduit fittings, wire gauges, and routing methods that 

meet specification and standards. For instance, under the national electric code (NEC), a 600V 

circuit would have additional depth requirements that lower or higher voltage circuits (Csanyi, 

2014).   
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Figure 23 ï What a unit the size of a storage container would look like in a parking lot located 

next to a Superway station. Source: google earth. 

 

3.2.3 Cost  

 

The cost of the energy storage system was estimated to determine its financial impact on the 

Superway project. The cost was estimated using equation (19) and graphs provided in (Cole & 

Frazier, 2019). Figure 24 shows the projected high, medium, and low costs of the system based 

on the year it is built.  

 

 
Figure 24 ï Projected cost of system. 

 

3.3 Case Study 

 

A case study was conducted to further analyze the factors associated with implementing a 

storage unit into the system and the option of buying units available in the market or building 

custom units. For comparison of storage units, the Tesla Megapack was chosen as the market 

available storage unit solution due to its availability, storage capacity, and since it is widely used 

in utility scale applications. A custom unit was modeled entirely in Solidworks with a focus on 
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off the shelf parts, to keep the need for custom parts down, and high-level system components 

for it to be compatible for comparison. Detailed drawings of the custom unit can be found in the 

Appendix.  

 

3.3.1 Market Available Solution 

 

The Tesla Megapack was chosen to be the product for comparison due to their availability and 

battery storage solutions being widely implemented into utility scale systems. For example, Tesla 

recently started the deployed of Megapacks at a PG&E substation in Moss Landing, California. 

This project is planned to consist of 256 Megapacks to have a capacity of up to 182.5 MW or 

730 MWh. When operation, the ñbattery system will be one of the largest utility-owned lithium-

ion battery storage systems in the worldò (Lambert, 2020). It is projected to be completed within 

a year and expected to offer over $100 million in savings to the utility company (Lambert, 2020). 

An electrical utility reseller of power in Saint John, Canada recently signed a contract with Tesla 

to install a Megapack unit to alleviate costs and greenhouse gas emissions. They estimate a total 

savings of up to $200,000 a year. The total cost of the project, including the ñdesign, 

construction, purchase of materials such as a Tesla battery, and others, is $1.5 millionò (Fox, 

2020). A recent article on Teslaôs Megapack with questions answered by Elon Musk, Teslaôs 

CEO, determined that ñthe battery pack portion of it is less than $200/kWhò while ñthe power 

electronics and servicing over 15 to 20 years take the price up to roughly $300/kWhò (Shahan, 

2020). These articles provide insight on the cost of a Megapack unit which can be used to 

compare to a custom unit. With a price of roughly $300/kWh and a storage capacity of 3 MWh, 

the total cost can be approximated to about $900,000 per Megapack unit. If the Canadian project 

install cost of $1.5 million is taken into consideration, then it can be approximated that for a 

complete install after batteries and servicing costs, the remaining costs for things such as design, 

construction, materials, and labor can be about $600,000. 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 

companyôs CEO were the closest to actual pricing out there based on research conducted.  
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Figure 25 ï Tesla Megapackôs estimated cost based on market research.Source: (Fox, 2020) & 

(Shahan, 2020) 

 

3.3.2 Custom Energy Storage Unit  

 

A custom unit was modeled using Solidworks to get 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 size adequate thermal management and to verify that the container floors would be 

able to withstand the battery occupied racks. The model was set up to have an AC-coupled and a 

DC-coupled configuration to show both scenarios. The model shows the system at a high-level 

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 panel systems. They can be mounted to the structures 

supporting the solar panels. This section of the report will show additional items that influenced 

the design of the custom unit. 
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Figure 26 ï Inverter and individual solar panel power optimizers mounted on structure. Location: 

Santa Cruz, CA. 

 

3.3.2.1 Storage Unit Container 

 

The storage unit was modeled after a typical 8 ft. x 20 ft. x 8.6 ft. shipping container. This was 

done as research has shown that many utility scale energy storage unit suppliers tend to use a 

similar design for their enclosures. Although a 40 ft. length container would offer more space 

inside for components, it was avoided as its mobility would be more difficult. The 10 ft. length 

container was not an option as it would not offer enough space inside for many components. The 

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 to be safe 

from outside conditions.   

  

3.3.2.2 Electrical 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, 2017). The battery was modeled after a LiFePo4 battery module found on 

Amazon.com. They are rated at a total capacity of 400 Ah. With 192 batteries, there would be a 

storage capacity of 960 kWh. More details on the battery, found on the manufacturerôs website, 

can be found in the Appendix. 
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Figure 27 ï 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 gauges and power ratings. The connectors will 

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

attachment handle can also be added to make pulling the connectors apart easier. They can also 

be secured to a surface, in this case the bottom of the shelf, for a cleaner installation. Although 

the manufacturerôs website does not specify a specific screw size, it appears as if the terminals 

are threaded. As a result, on the battery terminal side, a wire with crimped on ring terminal can 

be screwed down onto the terminal. 

 

 
Figure 28 ï Anderson connector used in the model (left) and available SB50 Anderson 

connectors for 6 to 16-gauge wire (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. 
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Figure 29 ï Typical MC4 connectors. Source: Amazon.com. 

 

From research conducted on the grid interconnection process, approved equipment documents 

were found on the PG&E distribution interconnection handbook website. The PG&E website 

provides links to documents regarding safety switches, primary voltage disconnect switches, 

eligible inverters, and incentive eligible photovoltaic modules (PG&E, 2020). However, when 

attempting to open some of the links, the website was redirected to another website stating that it 

is being updated. Some of the working links showed documents, found in the Appendix, that can 

be used to source electrical equipment for a project that needs to be approved for 

interconnection.  

 

For the AC-coupled configuration, the components were modeled after Enphaseôs components 

and connection diagram. 

 

 
Figure 30 ï Enphase component installation diagram.  Source: (Enphase, 2020) 

 

For the DC-coupled configuration, the components were modeled after Solar Edgeôs components 

and connection diagram. 
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Figure 31 ï Solar Edge component installation diagram.Source: (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 the AC-coupled and the 

DC-coupled scenarios have the major components connected to a central component that should 

be able to direct the flow of energy depending on the status of the system. A general flow 

diagram shown in the figure below outlines some major decisions that would need to be 

considered during the flow of electricity in the storage system.  

 

 
Figure 32 ï 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 purchasing a fully 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 custom 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 handle at a specific 

temperature. 

 

 
Figure 33 ï Ampacity chart for varying wire gauges.Source: (Cerrowire, 2020). 

 

3.3.2.3 Hardware and Mechanical Components 

 

Most of the hardware and materials that would be needed to build the custom unit were sourced 

from mcmaster.com. Hardware included a variety of ıò-20 and İò-13 bolt, washer, and nut 

fasteners with a Grade 9 rating for extra safety as a result of their higher strength. This source 

was used for this project due to personal experience with the store and due to the readily 

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 can be found 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 on the mcmaster.com. The rack was used in 

the model to hold all the batteries. The 96ò x 24 İò x 100 İò rack is rated at 2,100 lbs. per shelf. 

With two racks put on either side of the container, there would be a 39 inch passageway between 

the racks for any access needed.  

 

 
Figure 34 ï Passageway inside the container with racks installed. 

 

It was modified to include welded Unistrut members at the bottom to help the rack apply a more 

distributed load on the container floor when installed. The original rack would only be supported 

by four posts and their loading on the floor could be thought of more as point loads. The more 

concentrated loads at the support posts would be more damaging and concerning than a 

distributed load (K Line, 2015). The height of the rack would have to be cut down to 95 7/8ò for 

better fitment inside the storage unit. 
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Figure 35 ï 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 to be moved. The guard was designed 

from aluminum T bar with material notched out and slots on both ends of the bar. Rivet studs 

and wing nuts were sourced to hold the guard in place. The rivet studs would offer quick and 

easy installation times. The 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 a tool across two battery terminals can cause a hazard. The wing 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.  

 

  
Figure 36 ï 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 to side or falling back. The guide was 

designed from UHMW plastic sheet. This guide was put together with plastic screws and 

installed to the rack with the help of an aluminum 90-degree angle bracket riveted 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 modules by simply modifying the guide or remaking a new guide and 

reusing the same aluminum bracket. 

 

 
Figure 37 ï Battery guide highlighted (left) and battery guide bracket (right). 

 

The battery rack was installed into the container with various ½ inch bolts, washers, and 

locknuts. This hardware tied the bottom of the rack to the shipping container floor. Battery rack 

steel corner brackets were sourced from McMaster.com to secure the battery racks to the ceiling 

beams of the shipping container. Four thread-forming 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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Figure 38 ï Rack installation to floor (top) and ceiling beam with bracket (bottom). 

 

A sample of the wire 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 Anderson connectors through the back of the rack to a wiring compartment. The model 

does not show routing for all batteries as 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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Figure 39 ï Sample wire routing with conduit. 

 

The complete battery rack and energy storage unit assembly can be seen in the figure below. 

 

  
Figure 40 ï Battery rack assembly (left) and energy storage unit assembly (right). 

 

3.3.2.4 Heat Load 

 

The heat load was determined to analyze the amount of heat dissipated by the batteries under a 

steady state assumption. The heat generated by the batteries during charging was calculated 

using the power equation, P = I2R. The internal resistance of each battery module was found to 

be 0.02 Ohms (Ý) on the description section for the product (Ruixu, 2020). With an assumed 

charging current that should be about 10% of the Amp hour (Ah) rating of the battery, the 

charging current was calculated to 40 Amps (A) (Electrical Technology, 2020). With all 192 

batteries taken into consideration, the total heat load was calculated to approximately 21,000 

BTU/hr. A more detailed calculation process can be found in the Appendix.  
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Figure 41 ï Circuit model used to determine heat dissipated from batteries during charging. 

 

3.3.2.5 Thermal Management 

 

To simplify thermal management, an air condition system with a similar rating to that of the heat 

load determined was sourced to keep the battery unit at a stable temperature. A 30,000 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 

handler or evaporator unit. The two units are connected by two refrigerant lines, or more 

specifically a liquid line and a vapor line, a drain hose for accumulated condensation drainage, 

and additional wires for power and communication. A mini-split configuration was chosen for 

this design as they are offered in the BTUs required, multiple smaller inside unit can be installed 

separate from larger outside unit, and the opening needed for their connections should not 

compromise much of the energy unitôs weather sealing characteristics. 

 

The outside unit was installed to the back of the container with slotted strut channel members, 

steel strut channel brackets, four rubber bumpers to mitigate vibrations, strut channel spring nuts, 

and various ½ inch fasteners. A custom bracket would be needed to adapt the strut channel 

bracket to the attachment points at the bottom of the condenser unit. The inside unit was installed 

to the back wall of the container with ¼ inch bolts, washers, and locknuts. According to the 

install instructions, a bracket for the inside unit needs to be installed first and then the rest of the 

unit can just be mounted to the bracket.     
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Figure 42 ï Outside unit (left) and inside unit (right) installed onto container. 

 

3.3.2.6 Floor Load 

 

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

imposed by the battery racks. The floor load was determined by calculating the weight per shelf 

and then determining the weight per rack. Each battery was specified to be 62 kilograms (kg) on 

the description section for the product (Ruixu, 2020). The total load of one rack was calculated to 

be 2,976 kg over a span of 2.55 meters. For a 20ô container, the ñmaximum floor load is 4.5 tons 

per running meterò (K Line, 2015). The loading imposed on the floor by one rack with batteries 

would be roughly 1.29 tons per meter. This achieves a safety factor of 3.50 for one battery rack. 

The loading imposed on the floor by the whole system of rack was calculated to 2.57 tons per 

meter. This achieves a safety factor 1.75 for all four battery racks. As 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 rack and shelves. The shelves are 

rated to withstand 952.5 kg. The rack is rated to withstand 2,903 kg. With twelve batteries on 

each shelf, there is an imposed load of 744 kg. This achieves a safety factor of 1.28. All 48 

batteries per rack impose a load of 2,976 kg on the rack. This load is slightly over the rated 

capacity of the rack, achieving a safety factor of 0.98. To help with this, supports cross members 

can be added to the rack structure to add strength and increase the weight capacity of the rack.      

 

3.3.3 Logistics 

 

This section will discuss grid interconnection, granularity, and cost logistics involved with 

installing energy storage units for the Superway. Most of the factors will be applicable when 

using a market available storage solution or a custom unit. 

 

3.3.3.1 Grid Interconnection 
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Research conducted on the interconnection process gave 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 were not listed; however, they can 

range depending on the type and amount of equipment having to be upgraded. According to their 

timeline, it can take anywhere from 5 months to 17 months from the application review to the 

interconnection approval. This timeline may not fully represent the process of a system the scale 

of the Superway project. 

 

 
Figure 43 ï General summary of interconnection process for PG&E grid. Source: (PG&E, 2020). 

 

3.3.3.2 Granularity  

 

The granularity of the energy storage units was taken into consideration to determine what kind 

of layout would make the most sense. Earlier in the semester and report, four possible locations 

were suggested near stations. During this point of the project, it was still unclear how much room 

would be available for a storage unit, if any, at a station. The four possible locations were 

suggested next 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 further analyze a decision based on 

research done. The scale was set up to be from 0 to 1, where 0 is a low mark and 1 is the highest 

mark. The following criteria was used in the decision matrix: 

 

¶ 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 solar panel arrays. 

The benchmark in the figure below shows that placing a storage unit close to the solar 

panel arrays can result in a significant lower cost. Here, 1 indicates cost is lower due to 

both systems being co-located and 0 indicates costs are higher due to both systems being 

spread apart. 
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¶ 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 all vehicles. Having all units at one location can 

make it difficult to get power to a vehicle at the other end of the station. Additionally, one 

failing unit can make the other units fail. Here, 1 indicates the system can provide energy 

at all times and 0 indicates energy may not be able to reach a vehicle at certain parts of 

the station. 

¶ 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 more time consuming as people would need to travel 

to all locations of storage units. Here, 1 indicates servicing can be highly efficient and 0 

indicates servicing may be more time consuming. 

¶ Space Consumption: The space consumption per area. Having a distributed layout 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 indicates less space taken up 

per location and 0 indicates more space taken up per location.  

¶ 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 be hazard to people 

and 0 indicates it may not be a safety hazard to people. 

¶ Complexity: The complexity of the system. Storage units placed at station will be close to 

the solar panel arrays needed to generate electricity. Centralized units would require 

further investment in the systems infrastructure and components to get electricity from all 

solar panel arrays to travel to the central storage unit location. Here, 1 indicates less 

complexity and 0 indicates higher complexity. 

¶ Aesthetics: How the layout can fit into its place from a qualitative perspective. Here, 1 

indicates units can be made to fit into their surroundings and 0 indicates there are not 

many options to make units more alethically pleasing to the area. 

 

 
Figure 44 ï Unit distribution decision matrix. 

 

Research showed that co-located solar panels and batteries can result in less overall cost 

compared to solar panels and batteries located in different sites.  
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Figure 45 ï Cost benchmarks for solar panel systems with energy storage.Source: (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.  

 
Figure 46 ï Station and custom energy storage unit rendering.Source: (Chiao, 2020). 
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Figure 47 ï Station and Tesla Megapack unit rendering.Source: (Chiao, 2020). 

 

3.3.3.3 Cost Comparison 

 

The units were compared using another decision matrix to further analyze a decision based on 

research done. The scale was set up to be from 0 to 1, where 0 is a low mark and 1 is the highest 

mark. The following criteria was used in the decision matrix: 

 

¶ Cost: The cost associated with either buying a unit available in the market or building a 

custom unit. A custom unit was found to be pricey 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 system based on design reliability. At this point 

in the project, the custom unit is still in the 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 

tested. Here, 1 indicates the system is at a point of good reliability and 0 indicates the 

system is at an early stage. 

¶ Servicing: The ability to service the unit easily. Having a custom unit can make servicing 

easier due to the knowledge of the system. Having a market unit can make servicing a 

more tedious process and may end up needing another company do the servicing. Here, 1 

indicates servicing can be done easily and 0 indicates servicing can take longer to get a 

handle on.  

¶ Space Consumption: The space consumption per capacity offered by the unit. The 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 capacity. Here, 1 

indicates higher capacity per area and 0 indicates lower capacity per area.  

¶ Safety: The possible safety hazard. Any storage unit at a station has the potential to 

become a safety hazard to people around. The custom unit is still at an early stage of the 
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design to determine its safety. The market unit has been around for longer and is widely 

used without hearing negative things about it. Here, 1 indicates safety has been tested and 

0 indicates safety is yet to be tested. 

¶ Time: The amount of time required to acquire the unit. A custom 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 unit showed it can be built from readily available 

parts. Timelines were not found for the market unit. Here, 1 indicates faster delivery 

times and 0 indicates slower delivery times. 

¶ Grid Interconnection: Process for grid interconnection. The 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 or grid. Here, 1 indicates the unit can be 

grid tied effectively and 0 indicates more is needed for grid tie compatibility. 

¶ Customizability: The ability to customize the unit. A custom unit may offer a wider range 

of custom options for a storage unit. A market unit 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 0 indicates limited options. 

¶ Aesthetics: The finished result of the build. Both a custom unit and 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 0 indicates aesthetic standards can be 

hard to reach. 

¶ Mobility:  Ability to move unit. The custom 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. 

 

 
Figure 48 ï Energy storage unit decision matrix. 

 

A Bill of Materials for the custom unit was created after the model was completed. The $/kWh 

cost was determined from the total cost of the storage unit. The components and costs were 

further categorized to analyze how each part of the system contributed to the overall cost. From 

most to least costly: batteries, hardware and materials, electrical hardware & materials, electrical 

panels and equipment, container, and thermal management.  
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Figure 49 ï Total costs per category for custom storage unit. 

 

The total cost of the unit, including major electrical components, was used to compare to Tesla 

Megapack costs. This was done since those were two cost values given by Teslaôs CEO. The unit 

offered by Tesla is rated at a storage capacity of 3 MWh, however, the actual capacity may be 

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

custom unit will be represented as 1 MWh rather than 960 kWh. The analysis shows that the 

Megapack costs are lower compared to a custom unit. 
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Figure 50 ï Custom unit and Tesla Megapack cost comparison.  

 

4.0 CONCLUSIONS 

 

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

 

4.1 Conclusion 

 

The Spartan Superway program was discussed to better illustrate the 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 and energy storage at 

a utility scale. The objective of the project was stated and supporting objectives were listed to 

show what the project intended to accomplish. The methodology of the project was explained to 

show a plan to properly meet the projectôs objectives. These objectives included determining the 

energy demand and supply of the proposed north-south route, calculating the required storage 

size, investigating storage design and implementation options, projected costs, and a custom unit 

design. Results were presented and discussed to show their meaning and influence on the overall 

design options. A design was created and modeled using Solidworks. Analysis on thermal and 

weight load was conducted to validate the design. Logistics, including grid interconnection, 

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 unit. Two 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 storage. The energy demand of the system was combined with data 

from a shuttle service with a similar route to the proposed north-south campus route to analyze 

energy demand on a busy day. The energy supply obtained through a computer simulation tool 

was used to analyze what a least energy generating day would look like. The two data sets were 

put together as a worst-case scenario and used to analyze an energy storage size needed. The 

results showed the system needed to be sized for storage capacity in the MWh range to provide 

energy during a generation shortage 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 companies typically use 

for their storage units. The battery chemistry was lithium iron phosphate due to its stability in 

utility scale systems. High level electrical components were modeled and assembled in an AC 

and DC coupled configuration based on two company installation diagrams. Two 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 continue to evolve. More research needs to be done 

regarding this topic as the Superway project progresses. Hardware, materials, and components 

were sourced from an online source that is pricier that average, however, the source has most of 

the parts readily available for purchase. The heat load was calculated to 21,000 BTU/hr and 

thermal management solution rated at 30,000 BTU was determined to be an appropriate solution. 

The floor load was calculated 2.57 tons per meter against a maximum recommended load of 4.5 

tons per meter. These two loading analyses verified that the system would operate as intended 

with respect to temperature loading and weight of the batteries imposed on the containerôs floor.  

 

Possible suitable locations for the storage units were shown with the help of google maps at 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 less 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 down. Grid interconnection 

research showed a varying timeline for tying to the grid, which could vary more for larger scaled 

systems. A 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 similar outside dimensions as the 

custom unit. 

 

4.2 Future Work  

 

Future work for the project includes looking more into required hardware and standards, 

connecting with other professionals and companies to get their inputs on the project, creating 

more design plans based on more stable station designs, looking into more variables that have an 

impact on the project. The following list explains possible tasks 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 process, and line diagrams needed for the application. Connecting 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 Coupling: Further analyzing which coupling method makes the most sense for 

the project and why. This 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 than 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 servicing. Finding a different source for hardware and materials that offers 

competitive pricing. If a market unit is pursued, based on the reportôs recommendation, 

then looking more into companies or a single company that offers a unit capable of 

supporting the Superway generating capabilities. Getting answers from someone in the 

company rather than from online research can lead to more concrete values.  

 

¶ Hardware Specifications: Further research into the hardware, components, and vendors 

that make the most sense to for the Superway project. This 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 can be of great 

benefit. 

 

¶ Charging Stations: Doing research into methods of transferring stored energy or utility 

energy to Superway podcars and the different factors involved. For example, which 

technology, induction or plug in, would make the most sense for transfer of 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 easier. Adding to the diagrams in this report 

and creating new diagrams that help visually represent the many connections involved in 

an energy storage system for the Superway can be of great benefit.   

 

¶ Alternative methods: Exploring alternative storing methods that can be designs and 

modeled using computer software. For example, looking into flow battery technologies 

and creating a design that can be used. In the process, finding new sources for hardware 

and materials that can give a more competitive price than those found on websites like 

mcmaster.com.  
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APPENDICES 

 

APPENDIX A ï Codes and Standards relevant to energy storage systems 
 

 
Source: (Messenger & Abtahi, 2017). 

 

 
Source: (Cole & Conover, 2016). 
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Source: (Cole & Conover, 2016). 

 

 
Source: (Cole & Conover, 2016). 
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APPENDIX B ï Energy Demand Model Results 
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APPENDIX C ï Energy Supply Model Results 

 

 

 
  



66 
 

APPENDIX D ï Tesla Megapack  
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APPENDIX E ï Tesla Powerpack 
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APPENDIX F ï Tesla Powerwall 
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APPENDIX G ï Oilfield Instrumentation Model 20-02 

 

 

 


































































