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EXECUTIVE SUMMARY

Lithium-ion batteries are an efficient energy storage mechanism, whose use in vehicles
will continue to expand with their electrification. A fundamental question is what to do
with such batteries post-vehicle-application, which means the battery has fallen below
regulatory standards for use in on-road vehicles.

Such a battery has additional economic value that can be reclaimed in one of three ways:
1) Remanufacturing for reuse in vehicles; 2) Repurposing by reengineering for an off-road,
stationary storage application; and 3) Recycling, disassembling each cell in the battery
and safely extracting the precious metals, chemicals and other byproducts. Progress has
been made in developing each of these post-vehicle-application areas including assessing
the profitability of each.

A forecasting model for the number of post-vehicle-application lithium-ion batteries helps
ensure sufficient supply to support remanufacturing, repurposing, and recycling. The
model considers multiple, wide ranging vehicle demand forecasts, a probability distribution
of vehicle application life, and a percent useable factor post-vehicle-application. Results
show that by 2035, the number of available post-vehicle-application batteries ranges
from 1.376 million (in the pessimistic forecast) to 6.759 million (in the optimistic forecast),
enough batteries to justify remanufacturing, repurposing, and recycling efforts.

A cost-benefit analysis was done independently for each of the three types of post-vehicle-
application processing. Costs included those for operations, transportation, material handling,
infrastructure development, and facility development. Benefits included avoided costs for
storage of batteries and production of new batteries as well as sales of repurposed batteries
and recovered materials in recycled batteries. Remanufacturing was shown to be profitable,
primarily due to the avoided costs of producing new batteries when a remanufactured battery
could be used instead. Repurposing is a less well defined application area that is profitable
if the development cost is no more than $83/kWh to $114/kWh, depending on research and
development expenses. Recycling in isolation is not profitable, as lithium-ion batteries are
composed of relatively inexpensive materials. However, recycling can support closed-loop
supply chains reusing materials in the production of new batteries as well as supporting the
principles of environmentalism and sustainability.

Proprietary processes for remanufacturing, including comprehensive battery testing, have
been developed by Sybesma’s Electronics. Supplementing these to create a fail-safe
environment, a fire-resistant workbench was specially designed and constructed. The
workbench allows the operator to drop a battery into a container in case of an undesirable
event. The container, which is on wheels, is safely transported to an appropriate location
using an extended handle.

A stationary energy storage system using post-vehicle-application lithium-ion batteries has
been demonstrated. Energy is extracted through a standard electric plug. Options for energy
input include a standard charger and solar panels. A computer system with appropriate
software is included to monitor the charging and discharging of the system. Tests were
conducted to show that charging and discharging could be effectively done. The energy

Mineta National Transit Research Consortium



9 Executive Summary

storage system consists of two batteries known to have similar state-of-life characteristics.
The original equipment manufacturer provided a battery management system.

A second, more realistic scale repurposing application, an energy storage system for a
semi-mobile recycling platform to create an off-grid site for recycled goods, has been
designed and is currently under development. Energy to power the storage system will
be collected by solar panels. The amount of goods is monitored for retrieval as needed
instead of on a predetermined schedule. The energy storage system supports cameras for
monitoring, flood lights for site illumination, tube lights for internal platform illumination, a
digital video recorder, and cell phones for transmission of monitoring information. A battery
management system will be developed.

Recycling demonstration efforts focused on cleanly separating, and thus recovering, copper,
aluminum and lithium iron phosphate from batteries. Laboratory-scale experiments were
designed and conducted based on a review of previous studies concerning lithium cobalt
oxide batteries. Acid leaching was identified as the most popular method for extracting
raw materials from lithium cobalt oxide batteries. Disassembly demonstration equipment
included a glove box with fume hood and air pump, a utility knife, and a sheet metal cutter.
The cylindrical lithium iron phosphate batteries of interest have four layers within the jelly
roll that comprises the cell beneath the outer cover: aluminum foil coated with lithium
iron phosphate, copper foil coated with graphite, and the other two separator membranes
with electrolyte residue on them. At the center of the jelly roll is a metallic tube, made of
stainless steel. Material extraction means separating the coatings from the copper and
aluminum foils. Acid leaching using nitric acid for aluminum and sulfuric acid for copper
both at relatively low concentrations was successful at separating the coatings and the foil.
The experiments were conducted at various temperatures ranging from 33°C to 60°C. The
material was exposed to the acid for either one or two minutes.
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|. INTRODUCTION

The Obama Administration recently approved new Corporate Average Fuel Economy
(CAFE) standards for 2017 through 2025, including the announcement of 54.5 miles per
gallon (mpg) average for cars and light trucks by 2025. In addition, the greenhouse gas
standard from the Environmental Protection Agency (EPA) requires vehicles to meet a target
of 163 grams of carbon dioxide equivalent (CO_e) per mile in the same year, which could be
met by achieving the CAFE standard of 54.5 mpg." Meeting these standards points toward
the increased electrification of vehicles by a variety of means including improvements to
existing electric vehicles (EV) and plug-in hybrid electric vehicles (PHEVs), as well as
new technology such as the increased presence of start/stop technology that uses stored
energy to stop an engine from idling when vehicle motion is halted, and then to restart the
engine when the driver is ready to continue.

Lithium-ion batteries are an efficient energy storage mechanism, the use of which in vehicles
will continue to expand with electrification. The designed life in vehicle applications, such
as the Chevrolet Volt, is 8 to 10 years.? Thus, a fundamental question is what to do with
such post-vehicle-application batteries??

A lithium-ion battery is a collection of lithium-ion cells that work together through electrical
wiring and a control board. The battery may be organized into groups of cells, for example
12 groups of 8 cells, each in a battery consisting of 96 total cells. Post-vehicle-application
means the battery has fallen below regulatory standards for use in vehicles. Most such
lithium-ion batteries are still viable for use in stationary applications. A small percentage of
the cells within the battery may have failed beyond repair.

A post-vehicle-application battery may still be able to hold a significant charge level and
thus have additional economic value that can be reclaimed in one of three ways:

* Remanufacturing for intended reuse in vehicles. Replacement of any group with
damaged cells within the battery shows promises as an effective remanufacturing
strategy. A remanufacturing process is described by Schneider, Kindlein, Souza,
and Malfatti.*

* Repurposing by reengineering a battery for a non-vehicle, stationary storage
application. This usually means reconfiguring the cells comprising the battery
and developing a different control system as well as repairing any damage as in
remanufacturing. For example, a stationary energy storage system, connected
to traditional and renewable sources, could be constructed from post-vehicle-
application lithium-ion batteries, as discussed by Andrijanovits, Hoimoja, and
Vinnikov, as well as by Yang et al. and by Diaz-Gonzalez.®

* Recycling, that is disassembling each cell in the battery and safely extracting the
precious metals, chemicals and other byproducts, which are sold on the commodities
market, if profitable to do so, or re-introduced into a battery manufacturing process.
Such processes are discussed by Paulino, Busnardo, and Afonso.®
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4 Introduction

This exploratory study involves identifying and bridging the gaps in remanufacturing,
repurposing, and recycling technology. The progress made in each area is discussed in turn.

Equally importantis aninitial assessment of the profitability of remanufacturing, repurposing,
and recycling. While these three activities seem technologically possible and necessary
based on the principles of sustainability, they can only be effectively pursued if shown to
be profitable. This includes developing an understanding of the number of post-vehicle-
application batteries available for processing. A forecast is developed in this regard.
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Il. AVAILABILITY OF AFTER VEHICLE LIFE BATTERIES

The number of post-vehicle-application lithium-ion batteries available over time can be
estimated from forecasts of the numbers of EVs and PHEVs projected to be sold over time.
Multiple previously existing such forecasts encompass a wide range. This is reflective of
the challenges of creating a market for EVs and PHEVs, and consequently lithium-ion
batteries.” These multiple forecasts are organized into three categories:

1. Apessimistic view of future demand based on the Energy Information Administration’s
(EIA) statistical analysis of future vehicle demand.?

2. An optimistic view of future demand based on the IEA future EV and PHEV report.®

3. Amiddle view, computed as the mathematical average of three independent industrial
forecasts. The industrial forecasts seem reasonable as they are within the upper and
lower bounds created by the public forecasts in items 1 and 2.

Figure 1 shows the three forecasts for EVs and Figure 2 shows these forecasts for PHEVs,
with the pessimistic view represented by a green line, the optimistic view by a red line, and
the middle view by a blue line. Assumptions concerning these forecasts are:

* The EIA (pessimistic view) forecast ends at 2035. No growth after 2035 was
assumed.

 The demand for PHEV vehicles in 2010 was so small that it can be considered to
be zero.

» The optimistic forecast is a fraction of the IEA forecast, which appears to contain
an inconsistency. About 120 million vehicles in total sales per year is projected
for 2050, but the report also states that 55% of that amount is just short of 120
million vehicles. Thus, this projection appears to be overestimated by nearly 50%.
Reducing the forecast by 50% to account for this apparent inconsistency still results
in a very high upper bound. This is explained by the IEA report not accounting for full
market saturation of vehicles. To adjust for this omission and obtain a usable upper
bound, an additional 50% reduction was applied resulting in an optimistic forecast
of 25% of the original IEA forecast.

* Manufacturing of new EV and PHEV vehicles will expand to meet demand.

Mineta National Transit Research Consortium



Availability of After Vehicle Life Batteries
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Figure 1. Electric Vehicle Demand Forecast, 2010-2050

Sources: Calculations based on U.S. Energy Information Administration (EIA), “Future Vehicle Demand
2010 Data Tables” (Washington, D.C., 2010); International Energy Agency (IEA), “Technology
Roadmap: Electric and Plug-In Hybrid Electric Vehicles” (June 2011), http://www.iea.org/
publications/freepublications/publication/name,3851,en.html (accessed August 31, 2013).
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Figure 2. Plug-in Hybrid Electric Vehicle Demand Forecasts, 2010-2050

Sources: Calculations based on U.S. Energy Information Administration (EIA), “Future Vehicle Demand
2010 Data Tables” (Washington, D.C., 2010); International Energy Agency (IEA), “Technology
Roadmap: Electric and Plug-In Hybrid Electric Vehicles” (June 2011), http://www.iea.org/
publications/freepublications/publication/name,3851,en.html (accessed August 31, 2013).

A Long-Range Energy Alternatives Planning system (LEAP) model was used to transform
EV and PHEV vehicle demand forecasts into a forecast of the volume of post-vehicle-
application lithium-ion batteries available for remanufacturing, recycling, and repurposing,
as summarized in Figure 3.°
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Availability of After Vehicle Life Batteries

Recoverable

Application Percent
Life End of
Distribution Vehicle
Application
Vehicle Demand End of Vehicle Application
Forecast by Year Battery Forecast by Year
LEAP Model

Figure 3. Post-Vehicle-Application Battery Forecasting Model

Source: Authors’ diagram.

The model considers that 85% of the batteries are reusable in post-vehicle-applications
and that the remaining 15% are damaged beyond repair."

Battery vehicle application life is modeled as uniformly distributed between 3 and 10 years.
The maximum value is based on design specifications of 8 to 10 years of application life."?
Such batteries have been in use an insufficient time for experience to confirm the frequency
with which the maximum duration of vehicle application can be reached. We have observed
the duration to be as little as 3 years in some cases. As no other information on battery life
is currently available, modeling this quantity as uniformly distributed is appropriate, as only
the minimum and maximum can be estimated.

From this input, the supply of post-vehicle-application lithium-ion batteries available for
remanufacturing, repurposing, and recycling is forecast. Results are shown for the optimistic,
pessimistic, and middle vehicle demand forecasts in Figure 4, Figure 5, and Figure 6. In
2035, the number of available post-vehicle-application batteries ranges from 1.376 million in
the pessimistic forecast to 6.759 million in the optimistic forecast, with a middle forecast of
3.773 million, enough batteries to justify remanufacturing, repurposing, and recycling efforts.
More importantly, the number of available post-vehicle-application life batteries is between
approximately 55% and 60% of the number of batteries needed for new EV and PHEV
production, further supporting the opportunity for remanufacturing. In 2050, this range is
approximately 70% to 85%, showing a growing opportunity for remanufacturing.
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Figure 6. Pessimistic View of the Number of Available Post-Vehicle-

Application Batteries, 2010-2050

Source: U.S. Energy Information Administration (EIA), “Future Vehicle Demand 2010 Data Tables”
(Washington, D.C., 2010); Available EOL Batteries/Year derived from model in Figure 3.
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11

lll. COST-BENEFIT ANALYSIS

There are three viable options for handling post-vehicle-application lithium-ion batteries:
remanufacturing, repurposing, and recycling. The cost-benefit analysis for each was
developed independently of the other two. In this section the costs and benefits common
to all three are discussed. Costs and benefits are projected over a five-year period,
with costs projected to increase 3% per year, and are expressed per individual battery.
Currently, information is most available concerning the Chevrolet Volt battery. The cost
of manufacturing a new Chevrolet Volt battery is estimated to be $10,000." A report by
Argonne National Laboratory Center for Transportation provides a percentage breakdown
for manufacturing cost of an EV battery: 80% material, 10% labor, with the remaining 10%
being overhead, which includes the research and development cost required to create
post-vehicle-application reprocessing systems.™

The Argonne report also estimates material handling and receiving costs. The worst-case
scenario for remanufacturing and repurposing is 1% of the cost per battery. For recycling,
which requires more material handling, the worst-case scenario cost is $1/pound.

Transportation costs are calculated as $2.50/pound, based on an average of estimates from
hazardous material freight shipped domestically and within 1,000 miles for remanufacturing
and repurposing. For recycling, the cost of shipping from the automotive manufacturing
center in Detroit to an established recycling center in Lancaster, Ohio, can be calculated
more precisely. The weight of a Chevrolet Volt battery is used, which General Motors
currently quotes at 435 pounds.'® For this research, the nominal weight was increased to
500 pounds to account for additional packaging. Lithium-ion currently is considered a Class
9 Hazardous Material, with most shipping occurring via ground freight. Fuel surcharges
are included as well.

Avoided storage of post-vehicle-application lithium-ion batteries is a benefit. Storage cost
is estimated at $20/square foot annually, which includes lighting, environmental control and
rental expenses for a 30 square foot battery. For example, the battery in the Chevrolet Volt is
5.5 feet long."” The rental cost of warehouse space varies widely, with $20/square foot being
a relatively low estimate.’® Thus, the benefit of avoiding storage is conservatively estimated.

The forecast of post-vehicle-application batteries shows sufficient volume to support the
capital investment and gains from scale necessary to employ this cost-benefit structure.

REMANUFACTURING

One way to potentially lower vehicle battery costs is to use remanufactured instead
of new batteries. Haruna et al. discuss some advanced techniques in this regard.’
Remanufacturing has to do with replacing cells within a battery that can no longer hold
sufficient charge to meet the standards for use in a vehicle. Remanufacturing involves
partial disassembly of the battery, removal of substandard cells, replacement of these
cells, and reassembly of the battery.
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12 Cost-Benefit Analysis

Remanufacturing avoids costs associated with producing new batteries as well as storage
costs for post-vehicle-application batteries through their reuse. Battery production, new or
remanufactured, requires labor, material and overhead. These costs are about $10,000 for
a new battery and are estimated to be $2,500 for a remanufactured battery. Thus, a benefit
of $7,500 in avoided costs is realized by remanufacturing.

Labor and overhead are conservatively considered to be the same for a remanufactured
battery as for a new battery. The cost savings for a remanufactured battery are related to
materials. The assumption is made that, on average, 10% of the battery must be replaced.
Batteries are composed of individual cells. Thus, the assumption can be equivalently
stated as 10% of the cells must be replaced, on average. Our experience in handling one
particular type of post-vehicle-application battery, consisting of 96 cells with subgroups of
8 cells, indicates that at most 1 subgroup needs to be replaced. Thus, 10% seems to be a
conservative assumption. The 80% material cost would be $8,000 for a new battery. Since
only 10% of cells are replaced, the materials cost for a remanufactured battery is $800.

Currently, there is no large-scale remanufacturing of post-vehicle-application lithium-ion
batteries. Thus, the cost of facilities to conduct this activity must be assumed based on the
cost of manufacturing facilities for new batteries, and the robustness of these assumptions
assessed. Martinez reports that the cost to build the LG Chem battery manufacturing
plant in Holland, Michigan, was $303 million.?° The plant is capable of producing 200,000
batteries per year. Thus, the cost per first production year battery is $1,515. A cost reduction
for a battery remanufacturing plant with respect to a new plant seems reasonable.

The individual cell manufacturing capabilities, involving a considerable amount of chemistry
and cell construction, is not replicated in this research. The activities of the remanufacturing
plant are limited to electrical and mechanical activities needed to disassemble batteries
into cells and reassemble cells into batteries. Thus, it is assumed that remanufacturing will
be carried out in a new $25 million remanufacturing plant with a 30-year payback period
capable of producing 30,000 remanufactured batteries per year. The cost per first year
remanufactured battery is calculated as $833; that is, 55% of the cost of a new battery.

The cost-benefit analysis for remanufacturing is presented in Table 1. A negative value in
the Total Costs over Benefits row indicates a savings compared to a new battery; a positive
value indicates a new battery is less expensive. Even after the high initial cost of investment
for creating the new remanufacturing plant, as well as the operational, transportation, and
material handling costs discussed above, remanufacturing is a viable alternative to reduce
the cost of a lithium-ion battery for a vehicle application, by approximately 40%.

The robustness of the initial plant cost estimate must be examined. The initial plant
investment recovery cost is less than 1% of the total cost. For example, if this cost were 10
times higher, remanufacturing would still be cost effective. Thus, the assumption is robust.
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Table 1. Cost-Benefit Analysis per Battery for Remanufacturing

FY FY FY FY FY
2012-13  2013-14  2014-15 2015-16  2016-17 Total

Costs of Remanufacturing
A. Operational Costs'

A1. Labor $1,000 $1,030 $1,061 $1,093 $1,126 $5,309

A2. Replacement Material $800 $824 $849 $874 $900 $4,247

A3. Overhead $700 $721 $743 $765 $788 $3,716

A4. R&D Costs $300 $309 $318 $328 $338 $1,593

Subtotal Operational Costs $2,800 $2,884 $2,971 $3,060 $3,151 $14,866

B. Transportation ($2.50/pound)? $1,250 $1,288 $1,326 $1,366 $1,407 $6,636

C. Material Handling + Receiving® $100 $103 $106 $109 $113 $531

D. Initial Plant Investment Recovery* $28 $29 $30 $31 $32 $149

Subtotal Costs (A+B+C+D) $4,178 $4,303 $4,432 $4,565 $4,702 $22,182
Revenues / Benefits

E. Reduction of New Battery Costs® $7,500 $7,425 $7,348 $7,268 $7,186 $36,727

F. Avoided Storage ($20/square foot)® $605 $623 $642 $661 $681 $3,212

Subtotal Revenues/Benefits (E+F) $8,105 $8,048 $7,990 $7,929 $7,867  $39,939

Total (negative value, in parentheses, indicates savings over cost of new battery)
Costs over Benefits ([A+B+C+D]-[E+F]) ($3,927)  ($3,745)  ($3,557) ($3,364) ($3,165) ($17,758)
Cumulative Change ($3,927) ($7,672) ($11,229) ($14,593) ($17,758)

Sources: Sam Abuelsamid, “General Motors builds first Volt battery pack on production line” (2010), http:/green.
autoblog.com/2010/01/07/general-motors-builds-first-volt-battery-pack-on-production-line/ (accessed
February 12, 2014); L. Gaines and R. Cuenca, “Costs of Lithium lon Batteries for Vehicles,” Center for
Transportation Research, Argonne National Laboratory Publication (May 2000), http://www.transportation.
anl.gov/pdfs/TA/149.pdf (accessed August 31, 2013); Curtis, Dan, “The Value of Climate Control: What It
Means Inside Self Storage” (September 2003), http://www.insideselfstorage.com/articles/2003/09/the-value-
of-climate-control.aspx (accessed August 31, 2013).

Notes:

1. Chevrolet Volt battery manufacturing cost of $10,000 (Abuelsamid 2010) with percentage rates taken from Gaines
and Cuenca (2000) Labor 10%, Overhead 7%, R&D 3%, and material 80% as well as 10% of existing
material replaced.

2. Transportation costs are derived from estimates from hazardous material freight shipment and include a fuel
surcharge and assume shipment within 1,000 miles at 500 pounds, which includes 435 pounds based on the
Chevrolet Volt battery with additional package weight.

3. Based on Gaines and Cuenca (2000). 1% of battery cost.

4. Assume a new remanufacturing plant is installed this year at $25,000,000 with a 30-year payback period, 30,000
battery plant production per year.

5. $10,000 cost of new Chevrolet Volt battery (Abuelsamid 2010) less labor, overhead, and material costs of a
remanufactured battery.

6. $20/square foot is an estimate of the cost of warehousing a battery; this includes lighting, temperature control and
rent (Curtis 2003) with 30.25 square feet required for a current Chevrolet Volt battery.
7. Costs are assumed to increase at the rate of 3% per year.

REPURPOSING

Repurposing post-vehicle-application lithium-ion batteries provides a second way to
extend useful life and thus lower the overall cost of the battery. Repurposing is a relatively
new idea that currently appears most useful for stationary storage applications, which
is the focus of the cost-benefit analysis. Repurposing requires dismantling batteries into
cells and reassembling cells into a different configuration than for the vehicle application,
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as well as developing the control system, both hardware and software, for the new
application. Each configuration may require a specifically designed battery case. Thus,
each repurposing application appears to be unique, requiring its own design, development,
and manufacturing activities.

Gaines and Cuenca estimate that research and development costs could range from $50/
kWh to $150/kWh and that a successful storage system built from repurposed lithium-ion
batteries could be sold for $50/kWh to $150/kWh.?’

For example, a Chevrolet Volt battery has a 16 kWh capacity. Thus, research and
development costs for this battery would range from $800 (i.e., 16kWh x $50/kWh)
to $2,400. Further, the same authors estimate that an additional 10% in research and
development costs are needed to support the addition of such a storage system to the
electric grid. For a Chevrolet Volt battery, this cost would range from $80 (i.e., $800 x
10%) to $240. In addition, the revenue from the sale of a repurposed Chevrolet Volt battery
would also be in the $800 to $2,400 range.

The analysis also assumes that a $30 million dollar repurposing plant would be built in
the first year, with a 30-year payback period and a capacity to make 5,000 units per year.
Thus, the cost per first production year battery is $6,000, over 7 times more per battery
than remanufacturing and thus about 4 times more than the cost of manufacturing a new
battery, an extremely conservative estimate.

The cost-benefit analysis for the optimistic view of $50/kWh in research and development
(R&D) expenses and $150/kWh in sales is shown in Table 2. Like remanufacturing,
repurposing does have the potential to lower initial battery costs, even with inclusion of the
conservatively high initial plant investment recovery expense.

Robustness with respect to R&D expenses and sales revenue can be examined as follows.
Since costs and benefits are mathematically linear, it can be straightforwardly determined
that the highest R&D expense for which repurposing is profitable, given $150/kWh in sales,
is $82.65/kWh. In the same manner, given an R&D expense of $50/kWh, the lowest sale
price for which repurposing is profitable is $114.05. This leads to Equation 1, which is valid
in the range $50.00/kWh to $82.65/kWh for R&D expenses and thus $114.05 to $150.00/
kWh for sales revenue. Based on Equation 1 it can be concluded that sales revenue must
increase by about $1.10 for each $1.00 increase in R&D expenses.

Sales ($)/kWh = (1.10 x R&D Expenses ($)/kWh) + $59.00 (Eq. 1)
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Table 2. Cost-Benefit Analysis per Battery for Repurposing

FY FY FY FY FY
2012-13  2013-14  2014-15 2015-16  2016-17 Total

Costs of Repurposing

A. Research and Development Costs' $800 $824 $849 $874 $900 $4,247
B. Transportation ($2.50/pound)? $1,250 $1,288 $1,326 $1,366 $1,407 $6,636
C. Material Handling + Receiving® $100 $103 $106 $109 $113 $531
D. Initial Plant Investment Recovery* $200 $206 $212 $219 $225 $1,062
E. Infrastructu