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Executive Summary

Key Takeaways

- Most states have more than 200 miles of interstate frontage suitable for solar PV
developmenttotalingover 127,500 acres of ROW area.

- We estimate that placing solar at interstate exits could generate up to 36 TWh per year
(about 1% of total usage in theS.) and provide about $4 billion in economic value to
State DOTs.

- Stretches of ROW along interstates and between interchanges are generally too narrow to
allow for installation of solar PV while meeting FHWA safety guidelines for shoulder
and clear areaones.

- Because they have more room to accommodate the transportation safety requirements,
interchanges (i.e., butterfly or diamesbaped interchanges) and rest areas have the most
potential for installation of solar PV.

- Federal law and some regulationsiiuseo f ROW ar eas that | ack #fs
including some interchanges.

- Some State DOTs do not hgwablicly availablefull spatial ROW data sets, which is a
barrier to a specific analysis of rest areas and interchanges for installation of selar PV
including this analysis, whicixcludesall rest areas in the U.S.

- States considering ROW solar projects should first develop full spatial ROW data sets
that can be used to find the most appropriate locations.

State departments of transportation {§@0OTs) own and/or maintain significant amounts of

land in the rightof-way (ROW) along existing interstate highways. These ROW areas are
appealing energy development locations for many reasons including: location and proximity to
t he nat i o mgrdsease of access; puldia owyership status, lack of competing
development efforts, and the potential for State DOTs to reduce operating and maintenance
costs, and potentially create new revenue streams. However, federal law and some Federal
Highway Administration (FHWA) regulations limit renewable energy infrastructure in ROW
areas that | ack Asecondary access, 0 which is
The aim of this project is to provide a report and web tool by which State DiQGdIker

interested parties can assess the potential for installation of solar PV in ROW areas associated
with interstates in the contiguous 48 states within the United States (U.S.). Additionally,
outcomes from this project can help suggest improvenagmtshanges to existing regulations

and data collection methods, to inform and facilitate expanded development of solar PV and
other renewable energy options in the ROW areas. This report and related documents, data
products, and web tool are meant to beduas a resource for State DOTs and other interested
parties in the selection of ROW sites with potential for solar photovoltaic (PV) development.

Unfortunately, available data of exact ROW boundaries with sufficient detail to be useful for the
analysisare very limited. To the best of our knowledge, lowa was the only state to have
sufficiently detailed public ROW data available. There is a critical and immediate need for State
DOTs to develop full spatial ROW data sets. To address the data gap, a nogihbdadsed on

the case study of lowa was developed and applied to the remaining states. Because of the limited
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resolution, those results should be considered preliminary until higiadity information on
ROW is available.

Google Earth analysis tools veeused to measure the available area along ROWSs with potential
for solar installations. Results from this analysis showed that long, narrow stretches of interstate
(the majority of ROW areas) do not have sufficient width available outside of transportatio
safety requirements (such as the FHWA safety guidelines for shoulder and clear area zones) to
allow for solar PV installations. However, there are suitable sites. Namely, interchanges, rest
areas, and other large tracts of open ROW land that have hanaticbutes such as easy

access, unshaded acreage, and increased depth, all generally without competing land uses.

Given the lack of available ROW data, the web tool is limited to interstate interchanges because
these areas can be identified visuallyia machindearning using available data. Rest areas and
other large tracts of ROW are not included in the web tool, but certainly should be analyzed and
considered for solar PV development as data sets become available. Interchange type and
guantity, & well as expected solar potential and monetary electricity value were estimated using
a custom developed interchange identification and classification tool. Because there are likely to
be additional ROW areas available within each state, these resutth,axé limited to

interchanges, present a conservative estimate of solar potential in ROW for all states. States
considering ROW solar projects are strongly encouraged to concurrently develop full spatial
ROW data sets that can be used to find the mgsbapate locations.

Even after restricting the analysis to interstate interchange locations, most states have more than
200 miles of suitable interstate frontage remaining, totaling between 440 and 6,600 acres of
ROW area (depending on the state) in interchanges availatdel&orinstallation. Due to

variations in retail electricity prices and solar capacity factors, as well as total area available by
state, there is significant variability in the estimated solar potential and electricity value across
states. However, mostases have solar potential in the thousands of GWh per year (127 to 1,814
GWh, depending on the state) with an estimated value of several hundreds of millions of dollars
of prospective revenue to the state. At a typical retail price for electricity af6/&Wh and a
wholesale price of ~$0.02/kWh, this means states could potentially generatartwm

electricity with a value of millions to tens of millions of dollars ($2.5 to $181.4 million/year,
depending on the state) and rarial royalties to Stat®OTs over the lifetime of the project.

Introduction

Development of renewable resources in available area within theofigiay (ROW) of

interstates within the United States (U.S.) has the potential to help states reduce energy and land
maintenance costs, increase revenue to state Departments of Traiosp(8tate DOTS)

without raising taxes, as well as increase local energy security and meet renewable energy and
greenhouse gas emission reduction targets. Due to its flexibility in sizing and limited
environmental impacts, solar photovoltaic (PV) systanesan attractive option for installation
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in existing ROWSs. Several states, including Georgia, Massachusetts, and Oregon have already
i mpl emented such 6solar highwaydé projeats. So

In Oregon, two differentites with 1.85 MW total solar capacity have been installed in existing
ROW. The larger of the two sites, the Baldock Solar Station, is a 1.75 MW array installed at an
existing rest area. This station went into service in 2012 and is a+puibite partneship with
Portland Gener al Electric [1]. Massachusettso
locations with a total installed capacity of 4.3 MW [2]. Maryland DOT (MDOT) has 1.8 MW
installed solar capacity over five sites. Based on the suct#ssse projects, MDOT developed

a DOT-wide solar program and conducted a comprehensive analysis of its statewide inventory of
facilities to determine locations that can accommodate solar PV systems. The program includes a
master services agreement thaaquralified six Master Contractors to secondarily compete to

install solar PV systems on MDOT properties throughout the State. The Master Contractors are
responsible for constructing, owning, operating, and maintaining the PV systems infrastructure
for theentire term of the agreement (28 years). MDOT will either buy the powgenerated or

will charge the Master Contractor a land fee and the energy will be fed to the grid. MDOT will

not expend any upfront capital funds for the development of solar RPasinfcture.

In February 2019, Georgia Power began operating a 1 MW solar array in the ROW area of
Interstate 85, located atexit 14 inonefveer e quadr ant of a di amond i
Ray. 0 This project i nvol vpgridateaectbrpastaeds, incladng ner s h
the philanthropy of The Ray, and is unique in the layers of benefit that it returns to the

Eisenhower Interstate System. Georgia Power installed and will operate nearly 50 high mast

LED lights at the exit, which was priewusly unlit, to contribute to the safety and navigation of

the stretch of interstate. The solar PV on the ROW of The Ray also incorporates pollinator

habitat and serves as a testing ground for emerging technologies that can inform future projects

in Georga and across the country [3].

Several important considerations for the development of solar highway projects have been
learned from these pilot projects. Logistics of siting solar arrays in ROWs must manage concerns
of interstate safety, available spaf@eral regulations for ROW use, as well as solar potential at
the site. Additionally, some State DOTs mayabverseo taking on the risks or burden of-up

front capital costs. As government agencies, State DOTs cannot take advantage of the available
financial tools, such as available tax credits for renewable energy, the federal investment tax
credit, and modified accelerated depreciation and cost recovery [1] [2] [3].

The goal of this project is to provide a fhester assessment of ROW areas on tt& nterstate
system that are available and present the potential for solar PV installation, given the data sets
available from State DOTs. A web tool was developed which identifies the existing and most
easilyidentifiable ROW interstate interchange laoas that might be viable for solar PV,
excluding rest areas, and provides estimates of potential electricity generation and monetary
value of that generation at these locations. This undertaking is a starting point for further,
detailed analysis of potaat locations for solar PV siting and development, and the web tool can
be updated as full spatial ROW data sets are provided by State DOTS, including data sets that
include rest area acreage.

1 https:/www.solarhighways.eu/en/abedlarhighways
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Additionally, outcomes from this project illustrate that agriongstanding policies and
requirements, such as the FHWA requirement fo
solar PV in ROW areas that otherwise have significant potential.

This report and related documents, data products, and web t@olarmgue resource for State

DOTs and other transportation entities to aid in the selection of ROW sites with potential for PV
solar development, and in securing any necessary authorizations for PV solar programs and
projects in the ROW.

DOT Solar RevenuPathways

The Federal Highway Administration (FHWA) allows State DOTs to accommodate the

development of renewable energy generation projects in the ROW, and established pathways for
State DOTSs to seek and receive federal authorization in a 2009 memoraridaml ed @A Gui dan
Utilization of Highway Rightof-Way , 6 a subsequent. TheeefrdWA and qu
resources lay out two pathways available for solar PV accommodation in ROW areas: 23 CFR

part 645, allowed as an activity under a State DOTs apgratility accommodation policy

(UAP), for projects that meet the public test and are thus not subject to limits on

commercialization, and; 23 CFR part 710, as a ROW Use Agreement reserved for private,

proprietary projects.

23 CFR part 645 allows a state to use an approved UAP to install solar PV in the ROW without
referral to FHWA for approval of the project if the state includes renewable energy in its

definition of utility facility, and the project serves the public. Wilbrojects such as these that

meet the Apubl i c t standing fedaratlawrimiting comrbejcial adtivitk o | o n
on the interstate ROW. Project approval by FHWA is not required if the solar PV installation is

in alignment with 23 CFR 645 dine approved UAP. The UAP does not need to specifically

address renewable energy facilities to accommodate a solar PV installation. The project meets

the public test requirement if the energy offtaker is the DOT, another public agency, the utility,

or a canmunity solar program.

23 CFR 710 uses Riglf-Way Use Agreements to install solar PV in the ROW if state law
excludes renewable energy from its definition of utility facility, or if the project does not serve
the public. Project approval by FHWA is rexad, and FHWA must determine if the project is in
the public interest. If Title 23 funds were used to acquire the ROW, fair market analysis must be
conductedand a fair market rent must be collected for use of the ROW. The project generally
does not medhe public test if the energy offtaker is solely a private entity.

FHWA generally requires a Fair Market Value (FMV) analysis for projects seeking

accommodation under a ROW Use Agreement to proceed. Land valuation of the interstate
roadsides can be aallenging calculation, whether or not FMV comparison and analysis is

required. Allowed activity on the interstate roadsides, and access to these areas, is proscribed and

2 https://www.fhwa.dot.gov/publications/publi@ds/15sepoct/02.cfm
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limited by U.S. law and U.S. DOT, FHWA and State DOT regulation and guidance, and is
controlled by the FHWA and State DOTSs.

There are multiple methods by which State DOTs can monetize solar PV in ROW areas. Most
direct methods by which State DOTs can monetize ROW solar fall in five four main categories:
1) land lease or license agreeme@)spower purchase agreements, 3) direct energy sales, 4)

profit share and capacity fees, and 45) renewable energy credit sales. This list is not exhaustive
as these agreements are contracts whose terms can be negotiated. Broadly, diversifying
transportaibn funding streams will stabilize State DOTs over time, helping them to become

more resilient as economic and operating conditions change, and providing necessary resources
for modernizing transportation infrastructure as mobility becomes autonomoues],stlactric

and innovative.

Furthermore, the development of solar PV in ROW areas can create additional, significant value
for State DOTSs, independent of and concurrent with direct monetization methods. For example, a
day one benefit of PV solar developnt in ROW areas would be for the responsibility for
maintaining the site to be transferred to the utility or solar developer for the duration of the
project, which may extend 30 years or more. States have between 440 and 6,600 acres of ROW
area (dependingn the state) in interchanges available for solar installation that are otherwise
maintained by the DOT, typically through mowing and herbicide application. The significant
savings in roadside maintenance can create resources and funding that StatarDd¥psoy to

other critical operations and maintenance activities.

The chart below explains the requirements for permitting a project as a utility facility and those
for a project requiring a rigkaf-way use agreemest.

State law excludes renewable
energy as a utility facility,
project is not serving the
public, or utility elects not to

State definition allows for
renewable energy to be
considered as a utility facility
andthe project serves the

public apply for a utility permit
Applicable Federal 23 CER part 645 23 CER part 71Right-of-Way
Regulation Accommodation of Utilities Use Agreements
Process A State DOT's Utility State DOTs may execute a

Accommodation Policy (UAP)
outlines the procedures, criteri
and standards it uses to evalu;
and approve individual
applications for utility facilities
within the ROW. The FHWA
Division Office reviews and
approves new and revisethPs

ROW use agreement for a
renewable energy project. This
requires a determination by
FHWA that such use is in the
public interest; is consistent
with the continued use,
operations, maintenance, and
safdy of the facility; and such

3 https://www.fhwa.dot.gov/environment/sustainability/energy/publications/renew_energy_row_guide/index.cfm
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FHWA Approvals Required
for Renewable Energy Use of
ROW

FHWA Approvals Required
for Access Control Changes
on the Interstate

Approvals Required for
Access Control Changes on
Non-Interstate Federataid
Highways

423 CFR part 645

for compliance with Federal
requirements. The State DOT
then enters into written
arrangements setting forth the
terms for a particular project.
The State DOT can approve a
utility project installation in
accordance with the process
outlined in the WP without
referral to FHWA«

The FHWA must give
programmatic approval of the
UAP; project by project
approval from FHWA is not
required unless the proposed
installation isnot in accordance
with 23 CFR part 645 or the
UAP.7

The State DOT must obtain
written approval from FHWA
prior to any temporary or
permanent modification of
access control on the Interstat
Systemo

Approval is required prior to
any temporary or permanent
modification of access control
on nonlinterstate highways.
The approving authority for
NHS highways is determined t
the FHWA State DOT
Stewardship and Oversight

use does not impair the highwi
or interfere with the free and
safe flow of traffics An
application for a ROW use
agreement approval must
include planning and design
details about the project,
including provisions for
maintenance access, terms of
use, maps, plans, and sketche

FHWA approval is required for
eachuse. For nonlinterstate
projects, FHWA may assign
approval authority to the State
through their 23 U.S.C. 106(c)
Stewardship and Oversight
Agreement.

The State DOT must obtain
written approvalfom FHWA
prior to any temporary or
permanent modification of
access control on the Interstat
Systemu

Approval is rejuired prior to
any temporary or permanent
modification of access control
on nonlinterstate highways.
The approving authority for
NHS highways is determined k
the FHWA State DOT
Stewardship and Oversight

5 Except on Interstate highways, FHWA may assign its approval responsibilities to the State DOT. 23 CFR

710.405(a).

623 CFR 710.405.
723 CFR 645.215.
823 CFR 710.403(b)
923 CFR 710.405(a).

1023 U.S.C. 111(a), 23 CFR 710.403(a). The aparapplies to segments that have received Fedetdlinds.
1123 U.S.C. 111(a), 23 CFR 710.403(a). The approval applies to segments that have receivediééaedal
1223 CFR 620.202 and 620.203(a) and (h); see also 23 CFR 710.405 and 23 CFR G4 2pproval applies to
segments that have received Fedardlfunds.

1423 CFR 620.202 and 620.203(a) and (h); see also 23 CFR 710.405 and 23 CFR 645.211. The approval applies to

segments that have received Fedardlfunds.
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Agreement. For noiNHS Agreement. For noiNHS
highways, the State DOT is th{ highways, the State DOT fke
approving authoritys approving authoritys

Does FHWA require the No. Fees charged for utility Yes, if Title 23 funds were use
State DOT to charge a fee? use, and the disposition of suc to acquire the ROW (subject tc
fees by the State, are at a Stal exceptions under 23 U.S.C.
discretione 156(b) and 23 CFR 710.403).
Fair market rent is required for
The FHWA does, however, use of the ROW, unless there

encourage States to use an applicable exception or
generated revems for justification that the project is it
transportation purposes. the public interest based on

social, environmental, and
economic considerations, in
which case an exception may
approved. The Federal share
of the net income must be use
for title 23-eligible purposes in
accordance with 23 .8.C.
156(c).

How does FHWA ensure the | The FHWA uses its stewardsh Through FHWAreview and
renewable energy project and oversight program to mak( approval of the ROW use
does not cause safety, certain the State DOT meets | agreements

aesthetic, or other problems? | these responsibilities.

Land License/Lease Agreements

One way for State DOTSs to generate revenue from ROW solar projects is to associate a fee with
the land lease or license, and contract for that fee from the solar developer for the duration of the
agreement. Land lease agreements grant a tenant a leg &b ryiclusive possession of premises

for a specifiegeriodin return for the payment of rent. Land license agreements are similar, but
the right to occupy the premises is not exclusive. Land lease and license values will likely vary
depending on locatioand solar resource quality.

13See 710.403(a).

15 See 710103(a).

16 This exception to 23 U.S.C. 156(c) is based on conference report language for section 126 of thAiBederal
Highway Act of 1987 (Title | of the Surface Transportation and Uniform Relocation Assistance Act of 1987, Pub. L.
10017 (Apr. 2, 1987))With respect to 23 U.S.C. 156 provisions on income from-offatay, added by the Act,

the report stated "[t]he charges and disposition of fees for utility use and occupancy-of-viglytwill continue to

be governed by 23 C.F.R. 645" (H.R. Conf. RE0-27). The FHWA also has broad authority to establish utility
accommodation criteria under 23 U.S.C. 109(l).

1723 CFR 645.215(b).

1823 CFR 710.405.
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Licenses, or leases when applicable, are legally binding contracts between the land owner and
the solar developer, so specific attention should be paid to the terms of the agreement, especially
any recourse that the holdertb€ license or lease would have if the agreement were broken [6].

Because there are currently few ROW solar projects, it is difficult to estimate the per acre land
lease values directly. Lease basis prices are often set at ay#/doease terms cansa include

fee escalation rates or remain flat for the duration of the lease. Land lease values vary
significantly (few hundreds to thousands of dollars per-gees) across the U.S. and would

likely be influenced by how much improvement is necessaggétt site and any competing land
uses.

Existing lease agreements with other tkpatty entities may include terms that limit the use of

the property for solar PV installation. In addition,-&xempt governmental bonds have

compliance requirements uridée Internal Revenue Code that must be met for as long as the
bond is outstanding. State DOTs should work with their internal finance and real estate divisions
to understand the lease and bond status on any property that is considered for solar PV
develpment.

Power Purchase Agreements (PPAS)

Power purchase agreements (PPAs) are contractual agreements to buy and sell energy [7]. While
they are not exclusive to renewable energy projects, they are often required for renewable energy
project developers to secure third party financing. BecauseRPdléarms are frequently located

away from the party buying the power, modern PPAs are often formulated as virtual PPAs.

I n a Acontracts for differenceso PPA model ,
buys electricity from their local uttly, but contracts for the electricity produced by the solar

farm for a fixed (or escalating, depending on the contract) price. For instance, if the PPA terms
indicate that the PPA holder will buy power for $25/MWh, but the wholesale market price where
the solar power is produced is $35/MWh, the solar farm owner will pay the PPA holder the
difference, or $10/MWh. However, if the wholesale market price where the solar power is
produced is $20/MWh, the PPA holder will pay the solar farm owner the differar8®/NWh.

Thus, it is in the financial interest of the PPA holder to negotiate a contract rate that is, on
average, lower than the expected wholesale market rate at the agreed upon clearingplocation

Alternatively, in certain deregulated capacity ggyemarkets DOTs can enter into PPA

agreements where they buy the power directly from the solar developer and pay a $/kWh of
energy delivered. This price could be fixed or have an escalation rate attached, typically between
one and two percent per year tbe life of the contract. The PPA rate is not impacted by the

larger wholesale market price of energy and often includes the full cost of the energy generation,
transmission, and delivery.

In both PPA models, State DOTs could buy the power, or thed®latoper might sell the
power to a third party and State DOTs could receive a portion of the revenues, collect a land
license/lease fee, and/or a capacity fee. In areas with good solar resources, PPA contract prices

19 Because PPAs are contracts, price clearing locations are negotiable and could be anywheoeld beyat the
exact grid node at which the solar power is injected on the grid, or at a hub (an average regional price).
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for large utility-scale solar PV farmisave declined to almost $20/MWh ($0.02/kWh, generation
costs) [8], well below wholesale electricity costs. If State DOTs work with their utility or a solar
developer to develop ROW solar projects, then it is possible to negotiate PPA rates so that State
DOTs see significant savings on their utility costs. These savings would result in the flexibility to
direct limited transportation resources and funding to mission critical transportation activities
simply by enhancing the use of their ROW areas.

Direct Energy Sales

In some locations, State DOTs might also be able to own the solar PV assets themselves and sell
the power back to the utility. A State DOT could contract with a developer to build and operate
the solar PV project for a fee, including necegsaterconnection infrastructure upgrades. While
the return on investment would be direct to the State DOT, available tax incentives such as the
FITC cannot be leveraged by state agencies. To take advantage of the tax incentives, the State
DOT could use aybrid model where thegntera PPA agreement with a solar developer with

the option to buy the system after a set amount of years of operation. How this electricity is
priced will depend on the type of market that the solar project operates in. In gBxFal

owned solar arrays might be fraetered and/or meter aggregated, be given a value of solar

tariff, or compensated at wholesale or retail electricity rates.

Net meteringNet metering is a simple way to compensate customers for the solar engrgy the
produce. In a net metering scenario, solar owners only pay the utility for the net amount
(electricity consumption minus solar electricity generation) of electricity that they consume. For
example, if a customer used 400 kWh of electricity per monthalbatgenerated 100 kWh per
month with their solar array, they would only pay the utility for the difference, 300 kWh per
month.

Meter aggregationMeter aggregation allows multiple meters to use the energy produced by a
single solar PV system througlrtual net metering. State DOTs have many electric accounts

and meters; however, these meters are often not located near roadside ROW properties that are
prime |l ocations for solar PV installations.
have ahigh enough energy demand to consume all of the energy generated by the solar PV
system. State DOTSs that are interested in consuming the energy produced by the solar PV
systems installed on their property benefit greatly from meter aggregation becansteise

and the solar PV system do not have to be sited at the same location, and the State DOT can use
multiple meters to match the energy generation of the solar PV system.

Value of solar tariff:A value of solar tariff (VOST) differs from net metering in that the VOST
can be more (or less) than the cost of grid electricity. Because solar often aligns with peak
demand times, the value of that production can be higher than the average priceheaid to

utility. Programs differ, but VOSTs are usually set by utilities and because they are based on
market conditions (price of wholesale rates, transmission costs, etc.) can be updated regularly.
For example, if a customer used 400 kWh of electricity pamthy but also generated 100 kWh

per month with their solar array, they would pay the utility for 400 kWh at the local utility rate,
but would also receive a bill credit for 100 kWh at the VOST rate.
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Wholesale and retail electricity rateBrepending ontte market, solar customers are

compensated at average or actual wholesale electiatéy orare compensated at retail

electricity rates. In some markets, all generators over a certain capacity size are required to be
compensated at wholesale marketsaWholesale rates are often much lower tharmmegering

or VOST rates.

Revenue share and capacity fees

State DOTSs can also generate revenue from siting renewable energy in their ROW by entering
into revenue share agreements and and/or charging caje@sityA revenue share agreement is

when the utility or solar developer agrees to pay a certain percentage of the revenue generated by
the PV system located on DOT property to the DOT.

A capacity fee is a predetermined amount of money collected by theaDQiglly per MW

nameplate capacity of the system located on its property. The capacity fee is normally collected
once the PV system starts producing, or is scheduled to start producing, energy.

Renewable energy credits

A renewable energy credit (REC)tise c hni cal | y d-dsednnstrdmeatshata f mar k €
represents the property rights to the environmental, social and othpownen attributes of
renewabl e electricity generation [9]0. RECs a
right toclaim to use renewable energy even if the actual power they consume comes from

di fferent sources. For instance, a firm in Ge

purchasing enough RECs from a solar farm in California to offset the amount of kxtatdy
they consume even though that electricity might have been generated by a fleet of power plants
that included natural gas or coal.

Solar RECs (SRECSs) are created by generating electricity from solar PV systems. For every one
MWh generated by a solar PV system, one SREC is also generated. These SRECs can then be
sold to energy users that are looking to offset the environmental impacts of their electricity
usage. For example, if an energy user consumed 200 MWh of electricity pé&oyeghe

electricity grid, by purchasing 200 RECs, they can claim to consume only renewable energy, no
matter the relative locations of the energy user and the solar farm.

State DOTSs could negotiate to retain all or a portion of the SRECs generatddriiB\é sites on

ROW areas, regardless of whether the State DOT engages in a PPA. State DOTs can then
monetize the SRECs at regular intervals for the life of the system. The retention of SRECs by the
State DOT will impact negotiated land license fees,mageshare, or PPA rates. Since SRECs

are subject to supply and demand markets, the value of SRECs can vary over the life of the solar
PV system.

Sometimes SRECs are bundled with other parts of the contracts or kept separate. For example, a
solar developemight sell electricity at a certain price through a PPA topanty butsell the

SRECs to another party. If the PPA terms were such that one party bought both the energy and
the SRECs, the buyer could then sell them to someone else if they wanteBE@v&Re varies
significantly by location, and their value can be volatile. Current U.S. SREC prices range

between a few dollars to the few hundreds of dollars [10].
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Methodology

In this analysis, the method by which solar potential was assesse@Wérareas involved
dozens of data sets and multiple custompuizess methods. The summary of each of the
workflow segments for analysis is showrHigure 1 Each sukprocess will be discussed in
more detail in the following sections.

Final

Results

Figure 1. Summarworkflow for solar potential analysis showing how the raw data were used to
generate appropriate estimates of ROW solar locations and estimate energy production.

Initial Interstate Restriction

There are various limitations that resttioe interstate areas that are viable for installation of

solar PV. The first step of the analysis was to reduce total length of interstate ROW under
consideration by applying appropriate restrictions. Existing interstate data were provided by
FHWA [11]. The lack of data accurately describing ROW areas, and the usable format of data
sets, significantly limits an analysis of interstate roadsides to accommodate renewable energy
infrastructure. The same challenges exist for state highways and other majovbiels.

interstate ROW areas were selected for this analysis, the analysis and web tool developed could
certainly be applied to and expanded to state highways in the near future. The restricting criteria
used to limit interstates for this study were:

- Within 5 miles of transmission lines [12]

- Outside of National Parks [13]

- Outside of National Forests [14]

- Outside of Protected Areas [15]

- Outside natural gas, HGL and crude pipelines [16] [17] [18]

Thus, for an area to be further considered for ROW solaaditt satisfyall the above criteria.

All these data served as inputs for geoprocessing in custom R [19] scripts to yield data sets of
interstates viable for solar for each state, as showigure?2.
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Initial Interstate Restriction \
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Figure 2. Initial interstateestriction sulprocess diagram showing input data used for
restrictions of interstate areas viable for solar development.
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This analysis was performed for all 48 contiguous states; however, for brevity, the effect of these
restrictions will be demonstrateing the case study of Geordrégure3 shows the remaining
interstates in Georgia through the progression of restriction used for analysis in this study.

a)

) d)

Figure 3. Series of images of Georgia showing the restriction of interstates based upon the
selected criteria for a) all interstates, b) interstates within 5 miles of transmission lines, c)
interstates outside National Parks, National Forests and other protected areas and d) interstates
outside pipeline routes.

Interstates were restricted to wittb miles of transmission lines to take advantage of existing
electrical infrastructure and minimize project complexities, including the costs associated with
the installation of new transmission lines. The distances from existing transmission lines were
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assumed to be reasonable distances that would not unfairly eliminate potential interstate ROW
from consideration while also observing existing cost and infrastructure limitations

It was assumed that ROW spaces along interstates through urban areldlsenmarrow in width

and taken up by frontage roads and other developments, making them unavailable for solar
installations. Therefore, interstates through designated urban areas were also eliminated from
analysis.

Due to restrictions within these proted areas, interstates through National Parks, National

Forests, and other protected areas were eliminated from analysis. The protected areas used are
defined as being fidedicated to the preservati
(including extraction), recreation, and cultural uses, managed for these purposes through legal or

ot her effective means [15] .0 These protected
agency and include protected lands such as wetlands, areas of @niticanmental concern and

historic or cultural areas. Some of these lands are designated as available for multiple use, such

as extraction or recreation and these lands were excluded from analysis so that interstates

through these areas would still bensmlered.

Finally, interstates near existing pipelines were eliminated. Pipelines considered included
hydrocarbon gas liquids (HGL) pipelines, natural gas (NG) pipelines, and crude oil pipelines.
Generally, solar panels are not likely to be installethod directly above underground pipelines
because they could impede pipeline maintenance, so interstates within 500 m of existing
pipelines were eliminated.

Not all interstates remaining after this elimination process will be suitable for solar panel
installation within the ROW; however, this analysis does effectively restrict interstates for
further examination to areas where solar installation is possipendeng on ROW area
available. These restricted interstates were used for all subsequent analysis.

lowa ROW Area Analysis

Due to data limitations, it was not possible to complete detailed analysis of actual ROW areas
available for solar in all states. g the initial data gathering step, lowa was the only state

found with accessible geographic information system (GIS) data showing the exact ROW
boundaries along its interstates. As a result, extensive analysis was performed using the lowa
ROW data andniose results were used to develop ROW area estimates for subsequent analyses
of other states, as shownFkigure 4

20 Our analysis methods are flexible enough such that our assumptions could be changed if regulations were to
change.

The Ray Solar Highway Project$



lowa ROW Area Analysis

Solar -
Viable
Interstates
for lowa

Area
available by

intersection

type

ROW data
for lowa

Figure 4. lowa ROW area analysis guiocess diagram showing how the lowa ROW data was
used to approximate the average solar area alaitgiinterchangeype.

Figure 5shows an example section of interstate in lowa with the ROW boundaries outlined in
black and the interstates given in blue. The related interchange captured from Google Earth is
also shown for comparison. As shown in tiggire, interchanges are the most consistent

locations with the greatest ROW area potentially available for solar panels. Extensive analysis of
these data was performed to estimate the area available for solar installations in ROWSs in lowa
and conclusionfom this analysis were applied to the other states.

Lt 458 3 A P L -‘,LI- ] A2 B ERC - q
Figure 5. Example of lowa ROW data and related Google E20{hmage showing the
additional ROW area associated with interstaterchange and junctions. The red box indicates

the samenterchangen both images. The top part of the figure shows the ROW boundaries in
black and the interstates themselves in blue.

e
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Available ROW area for solar installation was determiceasideringNationalHighway Traffic
Safety Administration (NHTSA) requirements for shoulder widths and clear runoff areas. These
regulations require that each interstate lane be at least 12 feet wide witba 4Boulder. The
required width of the clear zone outside of sheulder varies based on interstate speed and
terrain but for this analysis it was assumed to be 40 feet. Visual analysis of existing solar fields
led to a minimum width requirement for solar installation of 30 feet (a single row of PV panels).
Based onhiese width requirements and analysis of the available ROW data, straight sections of
interstates are often not wide enough for solar installations. Locations of interest with available
ROW area are generally found at rest areas and within the interchveitiyether major roads.
These interchanges are typically found to resemble one of two shapes: either diamond or
butterfly. Examples of these interchanges are showigire 6andFigure 7respectively with

the ROW outline designated by the white lineg OW data from lowa DOT) and the

available area for solar installations outlined in red (our analysis). An example rest area is shown
in Figure 8 All images were taken in Google Earth using ROW data provided for the state of
lowa.

Figure 6. Example diamondterchangeshowing expected area for solar PV installation outlined
in red
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Figure 7. Example butterflynterchangeshowing expected area for solar PV installation outlined
in red

Figure 8. Example rest area showiﬁ'é poteratiah for solar PV installations outlined in red

Most of the area (~67%) with potential for solar in lowa ROWSs was found to be in rest areas or

in other tracts of land owned by the State DOT, but not within interchanges. However, without
specific data dething the extent of area along interstates controlled by the State DOT, there is no
visual, or otherwise, means to identify such areas in otherstages.a r esul t, for al
without sufficient ROW data available, further analysis was performnédforinterchanges

becausehey are visually identifiable along interstatésmore detailed and accurate assessment

of ROW area available for solar would require complete ROW data for each state.
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Interchange Identification and Classification

Based on the lowa ROW results which showed that only interchanges and rest areddere vi

for solar installations and a lack of ROW data for other states that outlines ROW boundaries at
rest areadurther analysis was done assuming that only the interchanges that fall within the
bounds of the restricted interstates were viable for sdlarestimate the amount of area

available for solar in each interchange, a sample of 50 interchanges of each type (diamond and
butterfly) were randomly selected from across the U.S., with at least one interchange from each
of the states considered in thengde. Using this sample, an average total butterfly interchange
area of 33.1 acres and average total diamond interchange area of 11.7 acres was calculated.
Further information about this process can be found in Appendix A.

However, due to safety restriotis, solar panels cannot be installed within the entire area of each
interchange. Appropriate space must be left to meet clear zone and other regulations. A
schematic for an existing interchange in Georgia that has already been appropriately sited for
sola was provided by The Ray and was used to estimate the fraction of total interchange area
that would be viable for solar. This fraction was found to be about 41%. Further information
about the calculation of this fraction can be found in Appendix A. Kngwie expected area
available for solar in each interchange type was crucial for estimating the amount of solar
potential in each state based upon the number of each type of interchange of interest within that
state.

Using the restricted interstate filew all states and another data set which marks the locations of
interstate exits, locations of interchanges wierminedand images of these interchanges

were captured. These interchanges included diamond and butterfly interchanges of interest as

wel as 6otherd interchanges that might have so
either of the two interchange patterns identified. Once all these images were captured, they were
categorized and counted via a hurirathe-loop classification tehnique. In addition, visual

inspection of these interchanges removed false positives that were captured by the algorithm.

Figure 9shows the entire surocess.

Intersection Identification and Classification

Solar i
Viable
Interstates
by state

All roads
data

——

Intersection
Images

Figure 9.Interchangedentification and classification stffirocess diagram showing homages
of interchangs in each interstate were captured and then classified for further analysis.
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Identify and capture image ofterchangen R

It was assumed that all interchanges werdocated with exits along interstates, so the solar

viable interstates and exits data set were used together to identify all exits that fall along lengths
of the solar viable interstates. At the location of eexdhof interest, an image was captured that
would allow for subsequent classification of images by interchange type.

Classify images binterchangeype

Due to the variability of images captured, even for the same interchange type;¢entered
classification was deemed to be the most accurate and effective way of classifying the
interchanges captured. A script was written in R to aid in the classificatiich subsequently

displayed each image and took a human input for one of the four programmed interchange types
(butterfly, diamond, other and none). Example images used for classification are slioguren

10. The code then saved the designatedcéhtange type and coordinates of the interchange for

each image in a separate file aggregated by state. The classified interchange results could then be
used for analysis of solar potential in each state.

Remove duplicateaterchange

The way the exit datwere structured, each interchange was paired with two exit points. In order

to remove this duplication of interchanges, after interchange classification (so that all false
interchanges had already been removed from analysis), duplicate interchangesnogesl

based upon distance between interchange points. The threshold for duplication was set at 1 km
(0.62 miles), essentially assuming that exits located on the same interchange would be within 1

km or less of the duplicate point and that exits locatecerthan 1 km from another exit would

be on a different interchange. Il n order to fu
captured by this algorithm, a manual inspection of all remaining interchangeerMasned,

and duplicates were idengfil and removed.
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Figure 10.Interchangemages showing examples of a) butterflierchangeb) diamond
interchangec) fauxinterchangeand d) othemterchangaised for classification. Red lines
indicate the solar viable interstates from previous analysis and blue lines are data-foadsall
Purple hatch circles armeterchangs identified by the computer.

Method limitations

One major limitation of this metid is the restriction of solar areas to only interchanges, which is
not representative of all potential area in the ROW. Areas not included in the current analysis
and web tool include rest areas and other large tracts of ROW land. For lowa, the total area
available for solar in ROWs based upon analysis of actual ROW data is approximately 1,200
acres. Based upon the interchange classification method, lowa has approximately 400 acres
available in interchanges for solar. This means that only about 1/3 afditeble ROW area

was captured by the interchange classification method. However, until detailed ROW data are
available for other states, the interchange classification method provides a useful, if not
conservative, means of approximating available asasedl as identifying the location of
interchanges of interest for possible solar development.

Solar Potential Estimation
Once all interchanges were appropriately classified for each state, the corresponding area and
solar capacity factor could be assgro each interchange based on its classification and
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location [11]. Total area available for butterfly and diamond interchanges used in analysis was

33.1 acres and 11.7 acres respectively, as discussed in Section interchange Identification and
Classifica i o n . I nterchanges classified as O6other 6
acres. For all interchange types, 41% of total area was deemed viable for solar, based upon

analysis of The Ray interchange schematic discussed in Appendix A. Tresmaduwsed as the

solar development factor for analysis.

These results were used to estimate the solar potential at each location, as shown in Equation 1.
According to previous solar ROW projects, approximately 0.43 MW can be installed per acre of
availabe land. This value was used as the solar area factor for analysis. Using state specific
average commercial electricity prices for all sectors [13], the monetary value of the solar
available at each site was estimated using Equation 2. This proceskas éxyilained in

Appendix B.
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Results

Detailed results for eadhterchangeanalyzed, including coordinates, state, county, estimated
annual slar potential [MWh/yr], and estimated annual electricity value [$/yr], are provided in
the included spreadsheet Ray Safderchangs Results. This spreadsheet allows for users to
change key input parameters including the solar development factorarsadnactor, area
associated with eadhterchangeand electricity price. These results are presented visually in the
webtool, which also allows for users to change inputs of intefégtire 11landFigure 12show

state aggregations of the potential gygoroduction and energy value, respectfully.
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Estimated ROW solar energy per state (GWh/yr)

State
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Figure 11: Figure showing the potential solar energy (GWh/yr) per year if every identified
interchange in each state were developed with solar. Note the Delaware and Rhode Island are
omitted from thigigure for lack of available interchanges to develop.
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Estimated ROW solar value per state ($M/yr)
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Figure 12: Figure showing the potential solar energy value ($M/yr) per year if every identified

interchange in each state were developed with solar. Note the Delaware and Rhode Island are
omitted fom this figure for lack of available interchanges to develop.

o -

Note that the order of states varies between the figures as states have considerable variability in
electricity prices. For instance, California has the third overall potential to produce engsgy
interstate interchanges, but because of higher average electricity prices, provides almost twice
the value of the next closest state, New York.

Web tool

The results of analysis were extended into a web tool that allows for policy makeriyto eas
assess the results on an interactive spatial scale. The web tool can be found here:

https://utw10982.utweb.utexasiu

The web tool shows the location, size, estimated solar energy production, and estimated value of
that solar production for every state in the contiguous 48 states in the United States. The results

of this analysis provided the default assumptions and at&sior the web tool, but the tool

allows users to change some of the underlying assumptions, such as 1) the solar capacity factor
(to analyze future technology improvements), 2) state electricity rates (to assess projects under
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changing economic factorsggnd 3) area available for solar (to simulate policy changes that allow
for more solar deployment in ROWS).

Conclusions

This analysis considered the potential for installation of solar PV in ROWSs along interstates in
the contiguous 48 US states. Basedrupnalysis of existing ROW data, long narrow stretches of
ROW along interstates (the vast majority of ROW land) are generally too narrow to allow for
installation of solar PV while meeting all existing safety and other regulations governing ROW
use and deslopment. Therefore, the best potential areas are interchanges and rest areas along
interstates.

Existing interstates were restricted based upon various criteria deemed appropriate for solar
development. Based on these restrictions, most states gélsignificant lengths of interstate

with potential for solar development. Interchanges within these restricted interstate lengths were
identified and evaluated to estimate the potential solar capacity and related electricity value that
could be installedThe results from this analysis, including location of such interchanges and
estimated solar potential, are provided in the web tool and related documentation.

The findings of this analysgemonstratéhat there is significant potential for electricity

production by installing solar PV projects in interstate interchanges of the ROW within the U.S.
However, federal law and some FHWA regulations limit renewable energy infrastructure
development in ROW areas. For example, currently FHWA will not allow dpuetnt in ROW
areas that | ack Asecondary access, 0 which is
The impact of the secondary access limitation is to eliminate usable and appropriate acreage at
some interchanges, including many that habetterfly or cloverleaf configuration, from solar

PV project planning and execution. The modernization of existing federal law and regulations
couldopensignificant ROW areas for solar PV development.

Additionally, states considering ROW solar projestisuld first develop full spatial ROW data

sets that can be used to find the most appropriate locations for solar PV, and identify other

|l ocations with | arge tracts of unused ROW | an
analysis done for this pregt.

Future Work

Due to a lack of available data on ROW boundaries in states, current results are based only on
installation of solar PV in existing interchanges. However, the analysis of lowa ROW data
showed that the majority (~67%) of available ROW area was found rsta@reas or other large
tracts of land thaare notincluded in this analysis. As ROW data that include detailed boundaries
are developed for each state, further analysis, like that used for the case study of lowa in this
project, could refine local resaltDetailed ROW data would allow for inclusion of Aon
interchange areas to be considered for solar assessment and development. Additionally, the
current analysis could be extended to Alaska and Hawaii.
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Additionally, current results use an approximatearaue for each interchange type and not the
actual area. For future development of these sites, measured areas at each interchange would
provide more accurate results and estimations of solar potenfiaé associated web tool allows
for users to charggthe area at each interchange and see the updated potential.
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Appendix A

Analysis of The Ray Interchange for Estimation of Solar Area

To estimate the potential area available for solar in each interchange type, two pieces of
information were needed:

1) The average totahterchangearea for eacinterchangeype

2) Fraction of totainterchangerea that could be developed with solar

Average total interchange area for each interchange type

The shape and size of interchanges of similar type (i.e., butterfly and diamond) vary widely

across the country. For the pusgs of this project, an average total interchange area for each
interchange type was used to estimate the area available for solar in each interchange. To capture
the variations in interchanges across the country, a random sample of 50 interchanges of each
type were selected, with at least one interchange of that type selected from each state. Geospatial
analysis tools were used to measure the total interchange area for each selected interchange. The
average of these areas was used in analysis as thetestiofdotal interchange area for each
interchange type.

Fraction of total interchange area for solar

Due to safetybased restrictions (shoulder and clear zones) and other regulations, any
development, including solar panels, are only allowed ingfdhte interchange area. As a result,
only a portion of the total interchange area would be feasible for solar installation to include
safetybased seback requirements for the installation.

A schematic diagram of a riglof-way solar interchange develed by The Ray in Georgia was

used to estimate the fraction of total interchange area that could be developed for solar. This
interchange was selected because the schematic clearly shows the area that has been approved
for solar, taking into account allqaired setbacks and other safety and regulatory requirements.
The schematic can be found in Figure 1.
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Figure 13. Schematic afiterchangeleveloped for solar by The Ray with solar panel locations
indicated. Schematic provided by The Ray.

Geospatial analysis software was used to accurately measure the total interchange area and the
area with solar panels visible in the schematic. The sdiemas georeferenced using the
coordinates of the interchange corners and a preloaded base map available in the GIS software
was used to validate the correct location and georeferencing of the schematic, as shown in Figure
14. The total area of this parti of the interchange is 5.421 acres.
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Figure 14. Measured totaiterchangearea in GIS software. The base map in the background
behind the schematic is used to verify that the schematic was properly georeferenced to the
correct location to validatéé area measurement. Schematic provided by The Ray.

The same georeferenced schematic and geospatial software tools were used to measure the area
taken up by solar panels within the interchange. The area taken up by solar panels in this
interchange is 2.197 acres, as shown in Figure 15. Using these twalaedesction of total

interchange area that could be developed with solar was calculated, as showfln Eq.
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