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Introduction

Program Overview

The Federal Highway Administration (FHWA) Road Weather ManagementProgram (RWMP), within the Office
of Operations, seeks to betterunderstand the impacts of weather on roadways, and promote strategiesand
toolsto mitigate those impacts. Envisioned isa system that provides"Anytime, Anywhere Road Weather
Information"forroad usersand road operating agencies, aswell asa robust, competitive market forroad
weatherservices. The RWMP isengaged in a number of activiiesto achievethese objectivesincluding:
stakeholder coordination; road weather research and development; technology transfer, training, and
education; and performance management and evaluation. RWMP iscurrently evaluating the capability of
connected vehicle technology to improve the collection, dissemination,and application of road weatherdatato
reduce weatherrelated crashes.

Project Overview

RWMP is currently engaged ina project to evaluate the potential benefitsof road weather connected vehicle
applications. Of particularinterest are the potentialimprovementsin safety, reductionsin travel time, improved
travel reliability, reductionsto environmental impactsrelated to road treatment,and other possible benéefits.
The projectincludesthe development ofroad weather connected vehicle applicationsconcept of operations
and benefit-cost analysis (BCA) of those applications. The concept of operationswascompletedand is
documentedin a companion report entitled “Concept of Operationsfor Road Weather Connected Vehicle
Applications’. The BCA wasconducted intwo phases; Phase | focused on evaluating safety benefitsand
Phase Il evaluatesthe additional benefitsincluding mobility, reductionsin environmental impacts, and
reductionsin operational costs. Figure 1 providesa high level overview of the projectand therole of the BCA.

Figure 1. Role of Benefit-Cost Analysis

Phase II:

Benefit-Cost
Lol Benefit-Cost . Analysis:
Road- Analysis: Assumption -
Weather Vetting Mobility,

Applications Safety Egvirto;mgntal,
ost Savings

Revisit & Improve

Source: Booz Allen Hamilton, January 2013.
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Road Weather Connected Vehicle Applications

There were seven road weather connected vehicle applicationsdefined inthe concept of operations. The
applicationswere identified and fully definedin the companion report “Concept of Operationsfor Road
Weather Connected Vehicle Applications” and are briefly describedin Table 1 below.

Table 1. Road Weather Connected Vehicle Application Descriptions

Application

Description

Enhanced
Maintenance
Decision Support
System

Road-weather connected vehicle datafrom snow plows, otheragency fleet
vehicles, and othervehiclesoperated by the general public provide input
data to Enhanced-MDSS, resulting in improved maintenance operationsand
increased safety.

Information for
Maintenance and
Fleet Management
Systems

Road-weather connected vehicle dataare key inputsto Maintenance and
Fleet ManagementSystemsand can, in turn,be passed to an Enhanced -
MDSS to refine the recommended winter weatherresponse plansand
treatment strategies.

Variable Speed
Limits for Weather-
Responsiv e Traffic

Road-weather connected vehicle datacan be used to inform Variable Speed
Limitssystems to provide real-time information on appropriate speedsfor
current conditionsand warn drivers of coming road conditions; this
applicationisenvisioned in particularin workzonesduring adverse driving

Management conditions.

Motorist Road-weather connected vehicle datawill provide advanced warning on
Advisories and deterioratingroad and weather conditionson specific roadway sesgmentsto
Warnings travelerspre-trip and en-route.

Information for
Freight Carriers

Road-weatherconnected vehicle datawill provide information on
deterioratingroad and weather conditionson specific roadway sesgmentsto
both truckdrivers and theirdispatchers. Thisinformation can be used to
improve scheduling decisionsand parking availability and delivery schedules

Information and
Routing Support
for Emergency
Responders

Road-weather connected vehicle datawill provide emergency responders,
includingambulance operators, paramedics, and fire and rescue companies
road-weatheralertsand warnings. Road-weather conditions, especially road
or lane closuresdue to snow, flooding, and wind -blown debris, for specific
roadway segmentswill be used to determine response routes, calculate
response times, and inform decisionsto hand-offemergency callsfrom one
responderto anotherin a differentlocation.

Weather
Responsive Signal
Timing

Road-weather connected vehicle dataisused by signalsto optimize timing
for safety and mobility during adverse weather conditions.

Source: Booz Allen Hamilton, January 2013.

U.S. Department of Transportation, Office of the Assistant Secretary for Research and Technology
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Overview of the Benefit-Cost Analysis

The current effort comprisesa high-level, benefit-cost analysis (BCA) that evaluatesthe seven road weather
connected vehicle applications. One of the primary goalsof the RWMP isto reduce the negative safety
impactsof crashes that occurunderadverse weather conditions. Therefore, the scope of the Phase | BCAisto
evaluate the number of crashesthat can potentially be avoided asa result of the implementation of the
applicationsand the safety benefitsthat reduced crasheswill in turn yield. Safety benefitswithin the scope of
the analysisare: fataliesavoided,injuriesavoided, and property damage avoided (includesboth infrastructure
and vehicledamage).

In addition to the primary safety goalsof the RWMP, the potential non-safety benefitsare also objectivesof the
Program. The scope of the Phase |l BCAisto evaluate these benefitsincluding improved mobility, reduced
environmental impacts, and operational cost savings that can potentially be produced asa result of the
implementation of the applications. Figure two providesan overview of the directimpactsof the applications
and the secondary impactsthat are considered inthe BCA.

Figure 2. Primary and Secondary Benefits of Road Weather Connected Vehicle Applications

Increased Benefits
Information Categorical Monetized

Fatalities
Improves identification Avoided
of slippery pavement

Value of a
Statistical Life

Converts
increased
information

into Injuries
actionable Avoided
changes in
driving
behavior

Value of
Reduced Injury

Phase |

Road Weather Improves knowledge of
Management pavement temperatures

Cost-Based
Derivation

Property Damage
Avoided

Applications

Increased
Mobility

Improves knowledge of
pavement condition
(dry, wet, show
covered, etc.)

Travel Time
Savings

Reduces Probability
of Crashes
Increased Road Environmental

Condition Info Impacts Avoided
Increased Fleet Info

Value of
Environmental
Impact

Phase Il

Improves input data for
surface transportation
decision support
systems

Operational Cost
Savings

Cost-Based

Derivation

Source: Booz Allen Hamilton, January 2013.

As the figure illustrates, the applicationsare expected to provide and leverage additional information aboutthe
condition of theroad including slickness, temperature, wetness, etc. Thisinformation, along with driver alerts
and infrastructure optimization for conditions, will lead to reduced crashes, increased roadway condition
information, andincreased information about fleets — the direct benefitsof the applications. Asa result of
reduced crashes, the applicationsmay leadto increased mobility and reduced environmental impacts asa
result of decreased incidentrelated congestion. More detailed dataon road conditionswill have operational
cost savingsand also decrease the environmental impactsof road treatmentwhile maintainingthe same level
of service. Increased information onroad conditionswill also provide information to driverson road capacity

U.S. Department of Transportation, Office of the Assistant Secretary for Research and Technology
Intelligent Transportation System Joint Program Office
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and help to optimize trafficflow through areaswhere capacity may be limited. Finally, increased information on
the weather managementfleet will provide operational cost savings. Each of these benefitsisestimatedand
monetized utilizing standard practices (thiswill be discussed in more detail in the benefit estimation section).

The total costsof the deploymentof the road weatherapplicationsincluding the connected vehicle
environment (CVE) core, road weather management specific investments, and the application specific capital
and operating and management costsare estimated. Detailed information onthe costswill be described inthe
cost estimation section.

The BCAemploysa systematic approach to evaluate the applications. Figure three below providesan
overview. The applicationswere defined prior to initiating the BCA. The next step isto evaluate the baseline or
the currentimpactsof adverse weather conditionson mobility, the environment, and operational costs
associated with road weathermaintenance. The baselineincludesall current road weather management
practices; the conventional intelligent transportation systems (ITS) road weather applicationsbenefitsto
current road capabilities. The baseline providesthe basisfor which the benefitsand costsof the applications
can be compared against.

Additional significantcomponentsof the baseline are the time scale of the analysisand the geographic scope.
For the purposesofthe current analysisa 40-yearperiod (2015-2055) isused to capture the benefitsand
costs of the applications; thismoderately longtime horizon waschosen due to the nature of deployment of
connected vehicle technology. The geographic scope islimited to the benefitsand costsof the road weather
applicationsdeployment within the United States.

Figure 3. Overview of the Benefit-Cost Analysis Approach

Benefit Analysis

Identify Benefit Estimate

> Categories Benefits
+Safety (Phasel) for
« Mobility (Phase Il) Aoblicati
« Others (Phase Il) pplications

. - "
J >

Model/Tool: | /"~ [
Extrapolates Net ¢ 1

Develop Baseline & Deployment Scenario

Define the Scope Assumptions *On-board Equipment Benefits of §/
(which applications are -Population growth *Roadside Equipment L Applicati to th 3
being considered) - Time scale *Application Adoption R ppiications to the A
+Conventional ITS ~_National Level 4

{
AV MR
)

J

.| {

Identify Cost Estimate

Categories Costs
« In-vehicle costs for

- Infrastructure costs Applications

= Activities with
- substantial
stakeholder input

Source: Booz Allen Hamilton, January 2013.

Cost Analysis

With the baseline defined, the nextstep isto define the deploymentscenario, thisisthe profile of when CVE
will become available (e.g., 50% of vehicleswill be connected in 2027). The deploymentscenario also
considersthe adoption of the applicationsthemselves(e.g., 15% of Transportation Management Centers
(TMC)will implement the Variable Speed Limitsfor Weather-Responsive Traffic Management application inthe
nearterm). The deployment scenario also takesinto account an “Application Maturity Effectiveness Factor”

U.S. Department of Transportation, Office of the Assistant Secretary for Research and Technology
Intelligent Transportation System Joint Program Office
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which estimatesthe effectivenessof the applications(i.e., the benefitsrealized) based on thelevel of CVE
deployment. All of these factorswill be describedin greater detailinthe deploymentscenario section.

Benefitand cost estimationare conductedin parallel workstreams. Utilizingthe best available datafrom
current literature, the efficacy and incidence for each of the applicationsisestimated. Thisprovidesa total
potential increase in mobility, decrease in environmentalimpacts, and decrease in operational costs. Similarly,
cost estimationusesliterature and market research to determine capital and operating costsfor prospective
technologiesthat are requiredfor the core CVE, road weather management specificinvestments, and the
application specific capital and operatingand management costs. The se valuesare estimated ona perunit
basis which will vary depending on the specific cost element (e.g., there isa unit price associated withthe
installation and operation foreach on-board equipment unit).

The final step in the BCAisthe modeling of allinputs-the baseline, deployment scenario assumptions,
benefits, and costs— to derive an estimated benefit, cost, and netbenéefit (benefits — costs). These are the
expected nationwide valuesassuming the deployment scenario that will be realized by the applications. A
transportation specific BCAtool isutilized to derive these valuesand outputsinclude year-by-year monetized
benefits, costs, and net benefits. The cumulative value foreach output isavailable aswell. Formonetary
values, the resultsare discounted to provide the netpresent value of the total. The discount rate used in the
analysisisseven percent pursuant to guidance by the Office of Managementand Budget(OM B).1 Both future
benefitsand costsare discounted by seven percent annually (see Footnote 2 on net present valueand
discount rate foradditional information).

Organization of the Report

=

Baseline: Providesa description of the currentimpact of adverse weather.

2. Deployment Scenario: Providesa detailed description of the key CVE variables, the sourcesused to
project the scenario characteristics, and assumptionsrelated to adoption deployment.

3. Safety Benefit Estimation: A detailed description of the approach and sourcesused to evaluate each
application’'ssafety benefits.

4. Non-Safety Benefit Estimation: Adetailed description of the approach and sourcesused to evaluate each
application’snon-safety benefits.

5. Cost Estimation: Adetailed description of the approach and sourcesused to evaluate cost elementsfor
the CVE core, road weather specific costs, and application specific costs.

6. National Extrapolation: Adetailed description of the approach used to estimate the actual benefits, costs,
and net benefitsforthe nationassuming the given deploymentscenario.

7. Limitations of the Analysis: Providesmajorlimitations.

8. Results: Providesresultsfor each application, the total Program, and an application comparison.

1. Office of Management and Budget. Circular No. A-94 Revised, Memorandum for Heads of Executive Departments and Establishments,
Subject: Guidelines and Discount Rates for Benefit-Cost Analysis of Federal Programs. Available at:
http:/Amvww.white house.goviombl/circulars a094#8.

2. When considering benefits and costs that will occur in the future, itis customary to discount those costs and benefits. The discount rate is
the amount associated with the “real value” of money as well as the “time value of money’. The “real value” is accounting for inflation that
occurs over time. In addition, there is a “time value of money’ which represents the time preference for money. For example, when most
people are asked if they would rather have $90 today or $100 inone year, they would choose $90 today, that person is discounting the
future value of money by 10%. This BCA utilized a 7 percent discount rate pursuant to guidance by OMB. Both future benefits and costs are
discounted by 7 percent annually. To calculate the net present value over the entire period of analysis; this discount rate is utilized to derive
the current value of the cumulative benefits and costs accrued over the life of the analysis.

U.S. Department of Transportation, Office of the Assistant Secretary for Research and Technology
Intelligent Transportation System Joint Program Office
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Baseline: Current Impacts of Adverse
Weather

Weatherhasa significantimpact onthe safety of the nation'sroadway system. The direct resultsof weather
include:rain causing wet, slickpavements; winter weather can leave pavementssnow-covered oricy; and fog,
blowing dust, heavy precipitation,and vehicle spray can restrict visibility. Weather related crashesconstitute 24
percent of the crasheson roadways each year. These crasheshave safety impactsincluding fatalities, injuries,
and property damage. Weather hasnon-safety relatedimpactsaswell, including increasesin travel time for
motorists, reductionsin freightoperationsand efficiency, and environmental impactsrelated tothe treatment of
roads. For the purpose of the current analysis, the safety impactsare the main focus. Asillustrated by Figure
4, nearly one-quarter of all crashesoccurunderadverse weather conditions. The majority of weather related
crashes (75%)occurunderwet pavement conditions, an additional 13 percent occur withicy pavement,and
12 percent occurduring snow/slushy pavementorfoggy conditions.

Figure 4. Weather Related Crashes

Total Annual Crashes Weather Related Crashes
Average = 6,301,000 By Road Weather Condition*

lcy
Pavement
Weather 13%
C?;:':;s Related Wet
Pavement
76% Crashes

24% 75%

*Crashes that occurred under adverse conditions; additional factors such as rain, snow, and fog are not disaggregated from pavement conditions
in this graphic. The percentage due to fog is for those crashes that occur under foggy conditions, but not wet, icy, or snowy pavement conditions.

Source: Road Weather Management Program, Table: Weather-Related Crash Statistics (Annual Averages),
Available at: http.//www.ops.fhwa.dot.gov/weather/q1_roadimpact.htm.

The numberof crashesthat occurunder adverse weather conditionsiscorrelated with safety impacts. The
number of crashesthat occurundereach type of read weather condition iswell documented. The average

U.S. Department of Transportation, Office of the Assistant Secretary for Research and Technology
Intelligent Transportation System Joint Program Office
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annual number of crashesthat occurin the United Statesunder adverse weatheris 1.5 million. Asa result,
approximately 629 thousandinjuriesand more than seven thousand fatalitiesoccur.® Table 2 providesthe
detailed average annual number of crashes, injuries, and fatalitiesfor each type of road weather condition. It
should be noted that these valuesare not cumulative; forinstance, a crash that occursduring rain will also
occurunderwet pavement conditions. These valuesprovide the relative magnitude of weather conditions
impactson safety. Wet pavementand rain are responsible forthe highest proportion of crashes, injuries, and
fatalities.

Table 2. Number of Injuries and Fatalities that Occur as a Result of Weather Related Crashes

Road Weather Conditions Crashes Injuries Fatalities
Wet Pavement 1,128,000 507,900 5,500
Rain 707,000 330,200 3,300
Snow /Sleet 225,000 70,900 870
Icy Pavement 190,100 62,700 680
Snow y/Slushy Pavement 168,300 47,700 620
Fog 38,000 15,600 600
Total Attributed to Weather* 1,511,200 629,300 7,130

* The sum of the crashes under each road weather condition does not equal the total number attributable to
weather; crashes may be double counted, e.g. wet pavement and rain.

Source: Road Weather Management Program, Table: Weather-Related Crash Statistics (Annual Averages),
Available at: http.//www.ops.thwa.dot.gov/weather/q1_roadimpact.htm, accessed January 11, 2013.

Each year, crashes that occurunderadverse weather conditions contribute to $70.7 billionin property damage
(2012 USD).4 Thisaccountsforthe damage caused by vehiclesto the road itself, damage to other
infrastructure such as telephone polesand bridges, and the cost related to vehicle damageincurred inthe
crash. The current number of crashes, fatalities, injuries, and property damage incurred under adverse
weather conditionstoday representsthe total possible safety benefitsthat couldbe reduced by road weather
applicatondeployment. The current statisticsinclude the reductionsalready achieved by IT Sroad weather

3. Road Weather Managenment Program Table: Weather-Related Crash Statistics (Annual Averages), Available at:
http:/Awwv.ops.fhwa.dot.goviweather/ql roadimpact. htm.

4. Miller, Dr. Ted R. & Dr. Eduard Zaloshnja, A study by the Pacific Institute for Research & Evaluation Commissioned by The
Transportation Construction Coalition. On a Crash Course: The Dangers and Health Costs of Deficient Roadways. May 2009.
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management andincreasesin the safety of vehicle to date. Thisisthe baseline uponwhich the applications
will be compared.

Weather also hasnon-safety related impacts on the roadwaysincluding increasesin travel time for motorists,
reductionsin freightoperationsand efficiency, and environmental impa ctsrelated to the treatment of roads. For
the purpose of the current analysis, the non-safety impactsare the main focus. In addition to reducing mobility
and having operational burdenson state and local agencies, adverse weatherrelated congestion leads to
wasted fuel, greenhouse gasemissions (GHG) and criteria pollutant emissions. GHG and criteria pollutant
emissionshave negative environmental and health effects. Below are briefdescriptionsof the directand
indirectimpactsof each of these benefit categories.

Greenhouse Gas Impacts

Surface transportation (light duty vehicles, transit, and commercial freight) contributes 1.5 billiontonsof carbon
dioxide (COz)annuaIIy.5 CO, emissionsare a significant factorin global climate change.Increasesin the
atmospheric concentration of CO, are expectedto lead to negativeimpactsincludingincreasesin droughtsin
some regionsand heavy precipitation eventsin others, reduced wateravailability in regionssupplied by
meltwater, increased riskof coastal erosion and sea levelrise, and increased disturbancesfrom pests,
diseases, and forest fire, among others.® CO, emissionshave implicationson a global scale and reducing the
quantity of those emissionsmay helpreducethe severity of the expected impacts.

GHGs are emitted during driving and while idling; they canbe minimized by reducingidling timeand by driving
atoptimal speeds. The applicationscan reduce the quantity of CO, emitted from vehiclesby addressing
incidentrelated congestionand enhancing the infrastructure to optimize traffic throughput.

Criteria Pollutant Impacts

Unlike GHGs, criteria pollutantsare regulated by the Clean Air Act under the authority of the EPAdue to the
risk that these pollutantscan harm human health,in addition to havingnegative impactson the environment
and damaging property. These pollutantsare called "criteria" air pollutantsbecause they are regulated by the
EPA based on human health and/or environmental criteria (science-based guidelines) for setting permissible
levels. The four criteria pollutantsconsidered in thisanalysisall have healthand environmentalimpactsas
described in more detail below.

Particulate Matter: There are a number of healthimpactsrelated tothe ambientlevelsof particulate matter;
most of which are experiencedin the local orregional area. The impactsincludeincreasesin cardiovascular
and respiratory-related mortality, increased visitsto the hospital asa result of respiratory effects, and
admissionsrelated to chronic obstructive pulmonary disease (COPD), respiratory infections, and asthma; and
exacerbation of respiratory symptomsin asthmatic children. !

5. Department of Energy, Energy Information Administration. Annual Energy Outlook 2011 Transportation Sector Statistics. May 2011.
6. Intergovernmental Panel on Climate Change. IPCC Fourth Assessient Report: Climate Change 2007. Available at:
http:/mww.ipcc.ch/publications _and data/ar4/wg2/en/spmsspm-c-12-north-america.html.

7. Environmental  Protection Agency. Regulatory Inpact Analysis: Final Rulemaking to Establish Light-Duty Vehicle Greenhouse Gas
Emission Standards and Corporate Average Fuel Economy Standards. 2010.
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Hydrocarbon: Hydrocarbon emissionsare a precursor to ground level ozone which hasdetrimental impacts
on health including difficulty breathing, lungdamage, and reduced cardiovascular functioning. Anumber of
hydrocarbonsare also considered toxic and can cause cancerorotherhealth problems. Ground level ozone
also reducesvisibility and causesotherenvironmental damage.8

Carbon Monoxide: Carbon monoxide hassignificanthuman health impacts. Exposure to increased ambient
levelshasbeen associated with increased cardiovascular morbidity, particularly increased emergency room
visits and hospital admissions for coronary heart disesase. Exposure can also result in neurological damage,
pulmonary functiondamage, and mor’tality.9

Oxides of Nitrogen: Oxidesof nitrogen have both human health implicationsaswell asenvironmental

impacts. Oxidesof nitrogen have been found to increase sensitivity in asthmaticsand cause otherlung-related

effects. Nitrogen emissionscan leave the local area and be deposited indistantareas; excessdeposition can
lead to acidification and nutrientenrichment (leading to harmful algal blooms)in aquatic ecosystems.10

8. Environmental Protection Agency, Office of Transportation and Air Quality. Mobile Source Enissions: Past, Present, and Future, 2012.
Awvailable at: http:/opusinspection.comVdocuments/def pollution.htm.

9. Environmental  Protection Agency. Regulatory Inpact Analysis: Final Rulemaking to Establish Light-Duty Vehicle Greenhouse Gas
Emission Standards and Corporate Average Fuel Econony Standards. 2010.

10. Ibid.
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Deployment Scenario

The road weatherapplicationswill leverage an imagined CVE and road weather specific technology to collect,
disseminate, process, and utilize more accurate road weatherdataand in so doingreduce travel delays,
decrease environmental impacts, and reduce winter maintenance operational costs that occurunderordue to
adverse weather conditions. To estimate the impact of these applications, itisnecessary to first assess the
level of deployment of the CVE core, the road weather specific technology, the application adoptionrate, and
the application maturity effectivenessfactor.

CVE Core Deployment

The core connected vehicle environment will require the deploymentof several typesof equipment to
wirelessly connect vehicle-to-vehicle (V-V)and vehicle-infrastructure (V-I). Vehicleswill have on-board
equipment (OBE) unitswhich broadcast and capture dedicated short-range communication (DSRC) from other
vehiclesand from the infrastructure. The OBE may also act asthe display screen formessagesand/or
warnings(e.g., slippery road 20 feet ahead). To collect and collate information from multiple vehiclesin an
area, roadside equipment (RSE)isexpected to be required to receive and broadcast DSRC between vehicles
and TMCs. RSEs can be located along theroad fora givenroad ssgment or at signalizedintersectionsfor
intersection operations. OBEsand RSEsare not currently commercially developed ordeployed;therefore to
assess the coverage of a connected vehicle system, the deploymentscenario must assume a set of
projectionsforthe deploymentofthese technologies.

On-Board Equipment Deployment Rate

To estimate the deployment of OBE, projectionsfrom the Department of Transportation Volpe Transportation
Research Center (Center)were used for the purpose of BCA. The assumptionsare that only new vehicleswill
have an OBE and implementationwill begin in2017 with a 3-year phase-in periodforall vehicletypes.11 The
start ofimplementation isbased on a 2013 National Highway Traffic Safety Administration (NHT SA) decision, 2
years forrule-making, and 2 yearsfor litigation prior to manufacturersbeginning to incorporate the equipment.
These assumptionswere used in the current BCAforlight duty passengervehiclesand light duty trucksand
heavy trucks (delayed by 1 yearwith the NHT SAdecision fortrucksexpected in 2014) pursuant to NHT SA’s
authority to regulate those vehiclesfor safety. It was determined thattransit vehicles, however, would not be
required to comply withthe same obligatory regulation. To projectthe deploymentof OBE in transit vehicles,
therefore, the deploymentschedule forfixed route busesto adopt automatic vehicle location (AVL)
technology—a comparable, voluntary implementation of an intelligenttransportation system—wasused as an
analog. The deployment schedule for AVLtook10 yearsand only reached 68 percent; 2itisassumed in this

11. Department of Transportation John A. Volpe National Transportation Systems Center. AERIS Evaluation: Assunptions on Baselines,
Connected Vehicle Deployment & Sensitivity Testing; Internal Draft. January 25, 2012

12. Department of Transportation, Research and Innovative Technology Administration, Intelligent Transportation Systems. Transit
Managenment Deployment Statistics. April 2011. Available at: http:/Amww.itsdeployme nt.its.dot.gov/TM.aspx.
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BCA thattransit vehicleswill begin deploymentin 2018 (similarto heavy trucks)and over 10 yearswill reach

an installation rate of 68 percentin new transit vehicles.

The deployment schedulesfor all vehicle typeswere integrated into a fleet turnover model based on data
provided by FHWA®3 to estimate the numberand type of vehiclesthat would have an OBE foreach year

through 2055. Table 3 providesthe deploymentrate assumptionsutilized in theanalysis. Figure 5 showsthe

calculated percentage of the on-road vehiclesby type that have an OBE installed. Note the OBE assumptions
are the same as those utilized inthe AERIS Program BCA of connected vehicle applicationsforthe

environment.

Table 3. OBE Deployment Rate Assumptions

Vehicle Class Phase-In Start Phase-In Duration

Installed at Maturity

Cars 2017 3 100%
Light Trucks 2017 3 100%
Single Unit Trucks 2018 3 100%
Combination Trucks 2018 3 100%
Buses 2018 10 68%

Source: Booz Allen Hamilton, January 2013.

Figure 5. On-Road Vehicles with OBE
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13. Department of Transportation, Federal Highway Administration. Fleet Turnover Model. 2011.
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Roadside Equipment Deployment Rate

The Volpe Centerestimated the deployment rate of RSEsas well; thiswasused as the basisin the current
BCA for RSE deployment Installation beginsin 2015 and takes5 years. Atotal of 252,000 RSEswould be in
place at the end of thisinstallation period. Thisincludes 25,000 RSEson urban freeways (a spacing of
approximately one perroad mile), 17,000 RSEson rural freeways (a spacing of approximately one forevery
two road miles), and 210,000 RSEsat urban traffic lights (thisisapproximately two -thirdsof all urban signals
estimated to provide complete metropolitanarea ooverage).14 The Volpe Centeralso estimated the number of
each of the three typesof RSEsthat would be connected by wireline (for power) orbe wireless; these
assumptionswill be described asthey relate to costsin the cost estimation section. While the Volpe Center
projectsinitial installation, there are no estimatesforthe installation of RSEsafterfive yearsasroadsare
reconstructed, new roadsare constructed, and/or new signalized intersectionsare built.

Road milesincrease by 0.1 percent annually15; the current BCAassumesthat RSEs grow at the same spacing
assumption asthe initial installation period in proportionto road mile growth.New signalsare installed at a rate
in proportionto population growth; the average number of signalsin a given area isone per 1,000 people, this
is used to estimate the number of new signalswith RSEs afterthe initial installation period. Deployment
assumptionsare displayed in Table 4. Figure 6 showsRSEs deployed by type.

Table 4. RSE Deployment Rate Assumptions

RSE Type Phase-In Start Phase-In Duration Installed at Maturity

Urban Freeway 2015 5 1 per 1 mile
Rural Freeway 2015 5 1 per 2 miles
Urban Signal 2015 5 2/3 of signals

Source: Booz Allen Hamilton, January 2013.

Itis worthwhile to note thatthisassumption departsfrom that utilized forthe AERISBCA; the AERISBCA
assumed that core infrastructure wouldbe in-place rather than the programinstalling required equipment.
Based on thisimportant assumption, the AERIS BCA utilized a conservative estimate of RSEsthat would be
installed on the road orat signalized intersectionsthat are trouble spots. The AERIS BCAtherefore, assumes
the spacing forRSEson freeways will be phased inover 25 yearsand at a spacing of 10 miles. Signal RSEs
will also be phased inover 25 yearsand only be installed at one third of signals. A significant distinction
between the AERIS applicationsand the Road Weather Managementapplicationsbeing consideredin this
reportisthat many of the AERIS applicationsdo not rely on RSEsbased on the lowerdependenceon latency;
these applicationscan largely utilize cellular communications. Road weather managementapplications,
however, require much higherlatency toensure safety and therefore require DSRC based RSEs. With thisin
mind, the current RSE deploymentassumptionisbased on Volpe’sestimatesto provide full coverage.

14. Department of Transportation John A. Volpe National Transportation Systems Center. AERIS Evaluation: Assunptions on Baselines,
Connected Vehicle Deployment & Sensitivity Testing; Internal Draft. January 25, 2012.

15. Department of Transportation John A. Volpe National Transportation Systems Center. Personal Communication. March 2012.
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Figure 6. RSEs Installed by Type
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Source: Booz Allen Hamilton, January 2013.

Road Weather Specific Technology Deployment

Road weatherapplicationswill notonly leverage the CVE core, thereisan additional technology being
developedthatthey will utilize called the Vehicle Data Translator (VDT). Thistechnology will be an aggregator
of data, retained at TMCsand used to processatmospheric and pavement data and support the road weather
applications. Asa relatively low cost technology,itisassumed that VDT deploymentwill notbe a limiting factor
in the scenario. Therefore, an analytical assumptionisthatifthe CVE core and application are deployed that
the VDT isavailable.

Application Deployment

The individual applicationswill also have a deployment rate. Information isnot available inthe literature or from
an authoritative source on the likely deployment schedule of the applications, therefore a conservative
deployment schedule wasdeveloped (similarto other connected vehicle applicationdeployment ratesin
recent Iiterature).16 Due to highuncertainty in the deployment rate for any of the applications, the same
deployment schedule wasassumed forall applications. The applicationsare deployed in threedistinct phases:
a short, medium, and longterm.

The shortterm isdefined to be from2015through 2022, the medium termisfrom 2023 to 2032,and thelong
term isfrom 2032 and beyond. By the end ofthe short term, applicationswill be adopted at a rate of 15

16.Department of Transportation ITS JPO. AERIS Applications for the Environment: Real-Time Information Synthesis Identification and
Evaluation of Transformative Environmental Applications and Strategies Project, Initial Benefit-Cost Analysis; August 2012.
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percent. By the end of the mediumterm, deployment reaches 50 percent. Forthe long term, 75 percent
deploymentisachievedby 2045 and remainsat thislevel through the end of the period of analysis. Table 5
shows the assumptionsused to estimate application deployment. Source: Booz Allen Hamilton, January 2013.
Figure 7 projectsimplementationlevels for all applications.

Table 5. Application Deployment Rate Assumptions

Short Medium Long
All Applications 15% 50% 75%

Short Term =2015 - 2022
Medium Term =2023 — 2032
Long Term =2033 - 2055

Source: Booz Allen Hamilton, January 2013.

Figure 7. Application Deployment Profile (Percent)
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Source: Booz Allen Hamilton, January 2013.

Application Maturity Effectiveness Factor

The confidence/performance of the applicationsrelieson a minimum amount of “connectivity”; toaccount for
this, a maturity factorreducesbenefitsin theinitial ssageswhen deployment of OBEsislow. The specific
assumptionis: if OBE deploymentislessthan 30 percent, application performance equals 50 percent; ifOBE
deploymentis30 — 50 percent, application performance equals 75 percent; and if OBE deployment isgreater
than 50 percent, application performance is 100 percent.

U.S. Department of Transportation, Office of the Assistant Secretary for Research and Technology
Intelligent Transportation System Joint Program Office
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Safety Benefit Estimation

Weather affectsroadway safety by increasing exposure to hazardsand crash risk. Weatheralso impactsthe
operational effectivenessand productivity of traffic management agenciesand road maintenance agencies
through increased costsand lost time. Accurate, timely, route-specific weather information, allowstraffic and
maintenance managersto betteroperate and maintain roadsunderadverse conditionsand can be leverage
by drivers to practice saferdriving strategies.

Connected vehicleroad-weather applications efficacy isasgood (although potentially better) than conventional
ITS road-weathertechnologies. The major factorin increasing safety isthe deployment of connected vehicle
technologies. If conventional ITS wasdeployed everywhere, it could potentially yield high safety benefits;
however, itiscost prohibitive. Connected vehicle road-weather applications utilize a mobile fleet of pavement
and atmospheric sensors, leveraging the CVE core to provide national coverage.

Benefit Estimation Overview

There are three main componentsto benefit evaluation when looking at the safety impactsof the road weather
applications: efficacy, incidence, and monetization. The efficacy of the application isthe potential reduction it
may provide in crashes, fatalities, injuries, and property damage. Forinstance, an application that providesa
motorist with a warning to slow down may reduce 20 percent of crashes; thatisthe efficacy of the application.
Efficacy of applicationsisbased on literature review of conventional ITS and expected connected vehicle
safety benefitsforthe purposesofthisanalysis.

The second factoristhe incidence; thisisan evaluation of how oftenthe givenapplicaton may actually be
applicable. It should be noted thatthisisthe total potential incidence. The incidence will get further reduced
based on deployment of the CVE core and the applications. An example of incidenceisthat the motorist
advisory may provide appropriate information during the 707,000 crashesthat occurunder rain conditions.
Incidence estimatesare predominantly based on informationfrom the NHT SAFatality AnalysisReporting
System (FARS).l7 Efficacy and incidence are utilizedin the analysisto estimate the potential number of
crashes, fatalities, injuries, and property damage that may be avoided dueto the application asillustrated:

Efficacy x Incidence = Safety Benefits

Monetization

While these valuesare important (e.g., number of livessaved), fora BCA, itisnecessary to monetize the
qualitative safety benefitsso that the benefitsand costsmay be compared. Forthe purpose of thisanalysis,
property damage isalready estimated in monetary terms. The number of fataliesand injuriesavoided can be
estimated using standard values. The sum of property damage, fatalities, and injuriesavoided comprisesthe
value of crashesavoided.

17.Department of Transportation National Highway Traffic Safety Administration. NCSA Data Resource Website Fatality Analysis Reporting
System (FARS) Encyclopedia. Available at: http://mw\-fars.nhtsa. dot.govMain/index aspx.
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The monetary value of a fatality avoided hasbeen estimated by the Department of Transportation. The current
value, value of a statistical life,is$6,204,743 (2012 USD)in 2012 andthe valueincreasesby 0.0877 percent
peryear.18 The BCA utilizesboth the currentvalue for2012 and theincreasing value overtime through 2055.
These valuesare the pre-discounted value, in other words, when summing the entire period, the valuesare
discounted by seven percent eachyearbased on the value of a future live saved.

The Departmentof Transportation also hasa standard value forinjuriesavoided. There are six severity levels
with associated valuesestimated by the Department Due to a lackof information onthe severity of injuries
incurred underadverse weather, the BCA utilized an average value of theinjury severity levels; therefore
assuming that on a national basis, the severity of injuriesdue to adverse weatherisequally distributed. The
injun{gvalue used forthe analysisis$1,258,322 (2012 USD)in 2012 and increasesby 0.0877 percent per
year.

To estimate the value of property damage avoided, the analysisassumesthat the proportion of property
damage thatisattributable to inclementweatheristhe same asthe proportion ofcrashesdue to inclement
weather; therefore 24 percent of property damage isdue to inclementweather. 2 Theannual property damage
in the United Statesof infrastructure and vehiclesis$70.7 billion (2006 USD)Zl; 24 percent of thisvalueis
computed to be $19.3 billion (2012 USD — converted from 2006 using Bureau of Labor Statisticsinflation
factorszz). Thisvalue isheld constantovertime inthe analysis.

Application Specific Benefit Estimation

Enhanced Maintenance Decision Support System — The efficacy of thisapplicationto reduce crashesis
estimated at 0.07 percentbased on the average ofMinnesota and Colorado case studiesevaluatingenhanced
maintenance decision supportsystems conducted in 2009.% To estimate the incidence, FARS data is

utilized Thisapplication isapplicable to crashesthat occurin winter months (Nov, Dec, Jan, Feb, and March)
based on the case studies. Using FARS data, the total U.S. fatalitiesthat occurin those monthsis12,121.

To estimate the number of crashes, the analysisusesa factorof 212 crashes to 1 fatality (based on weather
related statisticsof 7,130 fatalitiesto 1,511,200 crashes)and to estimateinjuriesuses a factor of 88 injuriesto
1 fatality (based on weatherrelated statisticsof 629,300 personsinjured to 1,511,200 crashes).25 Total annual
U.S. property damage incurred under adverse conditionsis $19.3 billion isadjusted forwinteronly (5/12
months)equals$8 billion.

18. Department of Transportation National Highway Traffic Safety Administration. NHTSA Revised Departnental Guidance: Treatment of
the Value of Preventing Fatalities and Injuries in Preparing Economic Analyses - 2011 Revision.

19. Ibid.

20. Road Weather Management Program, Table: Weather-Related Crash Statistics (Annual Averages), Available at:
http:/mvw.ops.fhwa.dot.goviweather/g1l roadimpact. htm.

21. Miller, Dr. Ted R. & Dr. Eduard Zaloshnja, A study by the Pacific Institute for Research & Evaluation Commissioned by The
Transportation Construction Coalition. On a Crash Course: The Dangers and Health Costs of Deficient Roadways. May 2009.

22. Bureau of Labor Statistics. BLS Inflation Calculator Tool; Available at: http://mwwww.bls.qov/data/infl ation _calculator.htm.

23. Western Transportation Institute. Analysis of Maintenance Decision Support System (MDSS) Benefits & Costs. May 2009.

24. Department of Transportation National Highway Traffic Safety Administration. NCSA Data Resource Website Fatality Analysis
Reporting System (FARS) Encyclopedia. Available at: http://mww-fars.nhtsa.dot.gov/Main/index.as px.

25. Road Weather Management Program, Table: Weather-Related Crash Statistics (Annual Averages), Available at:
http://mwww.ops.fhwa.dot.goviweather/gl roadimpact. htm.
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The efficacy (0.07 percent)ismuliiplied by the incidence andyieldsa potential annual nationwide reduction of
1,820 crashes, 9 fatalities, 758 injuries, and $6 million. Aspreviously mentioned these valueswill bereduced
based on estimated deployment. The benefitsare held constant for the life of the analysis. The monetary value
forfatalitiesand injuries, however, variesby yearand isincorporated along with the deploymentscenario inthe
extrapolation of the application.

Information for Maintenance and Fleet Management Systems — Based on available literature, thereare no
safety benefitsforthisapplication; the purpose of information for maintenance and fleetmanagement systems
is to provide cost savingsin theirtreatment strategieswhich will be evaluated in Phase Il. Thisapplication may
work in concert with the Enhanced Maintenance Decision Support System; however, the safety benefitsare
already capturedin the analysisof that application.

Variable Speed Limits for Weather-Responsiv e Traffic Management— Thisapplicationisevaluated astwo
sub-applications, variable speed limitsin workzones, and non-workzones. The efficacy istwo percentin
summerand 13 percentin winterbased on a study that evaluated the effectivenessof variable sp eed limitson
behavior.?® The incidence isbased on FARS data in summer, which reportsthat there are 70 fatalitiesin work
zonesand injuriesand crashesare estimated using previously described factors. In summer, in non -work
zones, FARS reports 3,460 fatalities. In winter, fatalitiesin workzones are reported at 28; in winter, innon-work
zonesthere are 2,033 fatalities.

The efficacy (2 percentinsummerand 13 percent in winter)ismultiplied by the incidence and yieldsa
potential annual nationwide reductionin crashesin workzones of 1,311, 5 fatalities, and 544 injuries. Property
damage isestimatedinthe non-workzone sub applicationonly. Fornon-workzones, the potential annual
nationwide reductionin crashesis 18,130, 333 fatalities, 36,25 0injuries, and $1.6 billionin property damage
avoided. Aspreviously mentionedthese valueswill be reduced based on estimated deployment. The benefits
are held constant for the life of the analysis. The monetary value for fatalitiesand injuries, however, variesby
yearand isincorporated along withthe deployment scenarioin the extrapolation of the application.

Motorist Advisories and Warnings — The efficacy of thisapplication is20 percentbased on a study
conducted in Finland on the behavioralimpactsof driversto weatheralertsand the associated safety
benefits.?” Incidence isestimated asthe total annual fatalities that occur in inclementweather — according to
FARS there are 32,885 annual fatalitiesand multiplying by 17%?° forincidence underinclementweather
yields 5,590 fatalities(in 2011). Crashesand injuresare estimated using the previously described factors.

The efficacy (20 percent)ismultiplied by the incidence andyieldsa potential annual nationwide reductionin
crashes of 237,035, 1,118 fatalities, 98,392 injuries, and $3.8 billion. Aspreviously mentioned these valueswill
be reduced based on estimated deployment. The benefitsare held constantforthe life of the analysis. The
monetary value forfatalitiesand injuries, however, variesby year and isincorporated along withthe

26. Rama, Pirkko, Senior research scientist and Anna Schirokoff, Research scientist; VTT Technical Research Centre of Finland. Effects of
Weather-Controlled Variable Speed Limits on Injury Accidents.

27. Kumala, Ramé&. The Effects of Weather and Road Condition Warnings on Driver Behaviour. 2nd World Congress on Intelligent
Transport Systems, Technical Research Centre of Finland (VTT).1995

28. Department of Transportation National Highway Traffic Safety Administration. NCSA Data Resource Website Fatality Analysis
Reporting System (FARS) Encyclopedia. Available at: http://mw-fars.nhtsa.dot.gov/Main/index.as px.

29. Road Weather Management Program, Table: Weather-Related Crash Statistics (Annual Averages), Available at:
http://mwww.ops.fhwa.dot.goviweather/gl roadimpact. htm.
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deployment scenariointhe extrapolation of the application. Thisapplicationhasa high efficacy and relatively
high impact dueto the application to most crashesthat occurunderadverse weather.

Information for Freight Carriers — Thisapplicationisexpectedto have the same efficacy asmotorist
advisoriesand warningsapplication, while havinga lowerincidence asitisonly applicable to freight vehicles.
Incidence isbased on FARS data for vehicle typesincluding: cargo tank, flatbed,dump, concrete mixer,
garbage/refuse, grain/chips/gravel, pole-tfrailer, log, and intermodal container chassis. FARS reportsthat there
are 451 fatalitiesfor these vehicles, which ismultiplied by 17 percent to account forinclement weather.
Crashes, injuries, and property damage are calculated using the previously described approach.

The efficacy (20 percent)ismultiplied by incidence and yieldsa potential annual nationwide reduction in
crashes of 3,251, 15 fatalities, and 1,349 injuries. The previousapplication already accountsfor total national
property damage avoidedso itisnotincludedinthisapplication’sevaluation. Aspreviously mentionedthese
valueswill be reduced based on estimated deployment. The benefitsare held constant forthe life of the
analysis. The monetary value for fatalitiesand injuries, however, variesby yearand isincorporated alongwith
the deploymentscenario in the extrapolation of the application.

Information and Routing Support for Emergency Responders — Thisapplication’sefficacy isexpected to
be the same as the previoustwo applications (20 percent). Incidence isestimated based on information about
the numberof accidentsthat occurannuallyin ambulances.*® The efficacy ismultiplied by the incidence and
yieldsa potential annual nationwide reduction in crashesof 20, 1 fatality, and 4 injuries.

Weather-Responsive Signal Timing — There islimited dataon the efficacy of weather-responsive signal
timing. The analysisassumesthat the application’s efficacy will be consistent with motorist advisoriesand
otherapplications. Incidence isbased on an estimate that six percent of all crashesoccurin signalized
intersections.! The benefitsare therefore estimated to be six percent of all benefits of motorist advisory which
yieldsa reductionof 14,222 crashes, 67 fatalities, 5,903 injuries, and $232 million avoided in property
damage. Aspreviously mentioned these valueswill be reduced based on estimated deployment. The benéefits
are held constant for the life of the analysis. The monetary value for fatalitiesand injuries, however, variesby
yearand isincorporated along withthe deployment scenarioin the extrapolation of the application.

30. http:/AMww.ems world.c omy/ article/10225 39 9/amb ulanc e-crash-round up

31. http://safety.transportation.org/ht miquides/sgn_int/exec_sum.htm
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Non-Safety Benefit Estimation

In addition to safety related impactsassociated with weather conditions, weather also impactsthe mobility of
drivers, the environment,and the operational effectivenessand productivity of trafic management agencies
and road maintenance agencies. Accurate, timely, route-specific weatherinformation, allowstraffic and
maintenance managersto betteroperate and maintain roadsunderadverse conditionsand can be leveraged
by drivers to practice safer, more informed driving strategies. Thissection describesthe non-safety benefits of
the road weather connected vehicle applications — specifically the mobility, environmental, and operational cost
savings.

Benefit Estimation Overview

The non-safety benefit categoriesconsideredin thisBCAare mobility, environmental, and operational cost
savings. Table 6 below providesthe detailed benefitswithin each of the categoriesand the unit by which each
is measured.

Table 6. Non-safety Benefit Categories

Benefit Category Benefit Unit of Measurement
Passenger Vehicle Trav el Time Savings Hours
Mobility Benefits Freight Vehicle Travel Time Savings Hours
Fuel Savings Gallons
GHG Emissions Grams
Particulate Matter Grams
) ) Hy drocarbons Grams
Environmental Benefits Carbon Monoxide Grams
Nitrous Oxide Grams
Salt (environmental impacts) Millions of Tons
. . Labor Savings Millions 2012 USD
Operational Cost Savings Salt (material costs) Millions of Tons

Source: Booz Allen Hamilton, January 2013.

Each of these benefitsisevaluated utilizing three main components: efficacy, incidence, and monetization. The
efficacy of the applicationisthe potential to provide the benefit; forinstance,an application may reduce travel
time by 20 percent, which isthe efficacy of the application. Efficacy of applicationsisbased on literature review
of conventional ITS and expected connected vehicle non-safety benefitsforthe purposesof thisanalysis.

The second factoristhe incidence; thisisan evaluation of how oftenthe givenapplication may actually be
applicable. It should be noted thatthisisthe total potential incidence. The incidence will get furtherreduced
based on deployment of the CVE core and the applications. An example of incidenceisthat an application
may provide appropriate informationduring the 707,000 crashesthat occur underrain conditions, reducing
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incidence, thusreducingincident related congestion. Incidence estimatesare predominantly based on
literature review of conventional ITS and expected connected vehicle non-safety benefitsfor the purposesof
thisanalysis. Efficacy andincidence are utilized in the analysisto estimate the potential number of non-safety
benefitsthat may be generateddue to the application asillustrated:

Efficacy % Incidence = Non-safety Benefits

Monetization

While the qualitative non-safety valuesare important (e.g., hoursof travel time saved), fora BCA, itis
necessary to monetize the qualitative non-safety benefits so that the benefitsand costsmay be compared.

Mobility Benefits Monetization - The value of traveltime saved (VT TS)for passenger vehicle occupantsis
based on the opportunity cost of travel. For each occupantspending timetravelling, there isan opportunity
cost; they could be engaged in productive activiies (earningwages) orengaged in recreation (for which they
are willing to pay). Additionally, travel during part or all ofthe tripmay be unpleasantand involve tension,
fatigue,ordiscomfort. These three factorsare considered in the estimation of VTTS. The Department of
Transportation (DOT) providesguidance on a standard VTTS estimate for passenger vehicle occupantsto
ensure consistency in BCAs™.

The DOT estimatesthe VTTS at$12.50 per person hoursaved for2011 (2009 USD). Forthe purposesofthis
analysis, the 2009 USD wasconverted to 2012 USD utilizing the Bureau of Labor Statistics (BLS) inflation
calculator. The DOT guidance also directsone to escalate the VT TS onan annual basisby 1.6 percent.
Utilizing thisinformation,the BCA2012 VTTS is$13.63 and thisvalueincreasesby 1.6 percent annually
through 2055.

Unlike VT TS for passenger vehicles, the value of freighttime savings (VFTTS) incorporatesfactorssuch as
the paid wage of the driver, the value of the freight being transported, the cost thatisincurred ifthe shipmentis
delayed, andthe maintenance and operations costs associated with the freight vehicle. THE DOT
acknowledgesthatthe VFTTS isan important consideration in a BCA; however, they donot provide standard
guidance onwhat the cost should be. There havebeen several previousattemptsat estimating anaverage
value and thisBCA utilizesan estimate thatisbased on a meta-analysisoffive U.S. studies®. The VFTTS was
estimated $20.25 (2002 USD) per shipment. Forthe purpose of thisanalysis, the VFTTS wasescalated to
2012 USDto $25.93 and isescalated by 1.6 percent each year of the analysisthrough 2055assuming that the
VFTTS willincrease at the same pace asthe VTTS.

In addition to the value of passenger vehicle occupants and freight vehicle time, there isanother benefit closely
associated with mobility, fuel savings. Reduced speedsand especially congestion lead to wasted fuel. This
analysisincorporatesthe fuel savingsprovided by increased mobility asa result of the applicationsintothe
benefit estimate. The Department of Energy, Energy Information Administration projectsthe price of fuel (motor
gasoline)through 2035 intheir Annual Energy Outlook (AEO). The AEO isupdated each yearand the most

32. Department of Transportation. The Value of Travel Time Savings - DOT guidance; available at:

http:/Awwv.dot.govisites/d ot. de vifiles/docs/wot_guidance 09281 1c.pdf.

33. Luca Zamparini & Aura Reggiani. Freight Transport and the Value of Travel Time Savings: A Meta-analysis of Enpirical Studies,
Transport Reviews: A Transnational Transdisciplinary Journal. 27:5, 621-636. 2007.
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recent data, the AEO2011,wasutilized forthe purposesofthisanalysis34. The AEO hasseveral cases such
as a high oil price case, alow oil price case, and othereconomic scenarios. ThisBCAuses the Reference
Case which isthe standard case projected by the AEO. AEOonly providesa projection through 2035, so to
estimate the fuel price from 2035 through 2055, the five -year average trend (2030-2035) wasused to
extrapolate the price through2055. Based on the AEO and extrapolation, the fuel priceincreasesannually ata
rate of less than 1 percent, reaching $4.25in2055. The fuel price projected takesinto accountsupply and
demand and accountsforincreasing suppliesincluding biofuelsand coal-to-liquidsand reductionsin demand
caused by more efficient vehiclesand the increase in hybrid and battery-powered vehicles.

Environmental Benefits Monetization - To improve consistency inevaluating the cost of GHGs, in 2009, an
Interagency Working Group wasconvened to develop the standardized valuesforthe “social cost of carbon.”
Thisgroup consisted of membersfrom six federal agenciesand White House offices. The projected social cost
of carbon was estimated forthe use of allgovernment regulatory impact analyses. The monetary value of
GHG was estimated forthe period through 2050, and thisanalysisextended the value to 2055 usingthe trend
from the previous5 years35. In 2012, the GHG valueisestimatedat $70.35 perton andthisincreaseseach
yearbased on the projectedvalue.

To estimate the monetary value of reducing criteria pollutant emissions, the EPA'spublished valuation
projectionswere utilized. EPA'sapproachto estimating the value of reducing criteria pollutantsisbased on
people’sWillingness-to-Pay to improve their health and Willingness-to-Accept (compensation required to
accept a deteriorated state of health), otherwise known ascontingentvaluation. Contingentvaluation isa
standard economic approach to monetizing non-market goods. EPAhasassessed the value of criteria
pollutantsbased on scientific evidence ofthe risks related to mortality, morbidity, and the costsassociated with
healthcare and lossof productivity due toexposure to these poIIutants36. Based on thisinformation, the
monetary value of particulate matteris229,200perton, hydrocarbonsis8,271 perton, carbon monoxide is
1,439 perton, and nitrousoxide is4,160 pertonin2012(2012 USD)37. These valuesincrease each yearin
the analysisbased on the EPA projections.

The use of salt to treat roadshas negativeimpactson the road infrastructure, fresh waterresources, local
plant life and wildlife. These impactsare challenging to estimate and will vary greatly from one location to the
next. However, there have been several attemptsat monetizingthe average impactsofroad saltuse. The
Western Transportation Institute estimated that the hidden costs(in addition to the material costs) of salt use
are $469 pertongs. ThisBCAused thisvalue and held itconstant for the entire period of analysis.

Operational Cost Savings Monetization - The two significant operational savingscategoriesin thisBCAare
laborsavingsand salt material savings. Thelaborsavingsestimatedin the BCAwere derived directly from the
case studiesand extrapolatedto the United States. There were no additional assumptionsabout laborrates.
The savingsprovided by reducing the amount of salt use (while preservinglevel of service) isquantified by

34. Department of Energy, Energy Information Administration. Annual Energy Outlook 2011, Reference Case. May 2011.

35. Department of Transportation, National Highway Transportation Safety Administration. Preliminary Regulatory Impact Analysis,
Corporate Average Fuel Econorry for MY 2017-MY 2025 Passenger Cars and Light Trucks. November 2011.

36. Environmental  Protection Agency. The Benefits of the Clean Air Act, 1990 to 2010, Appendix H: Valuation of Hummen Health and Welfare
Effects of Criteria Pollutants. 2011.

37. Environmental  Protection Agency. Regulatory Inpact Analysis: Final Rulemaking to Establish Light-Duty Vehicle Greenhouse Gas
Emission Standards and Corporate Average Fuel Econony Standards. 2010.

38. Mackinac Center for Public Policy. Michigan Road Salt: What is it Costing Us?. 2011. Available at:

http:/Awwv.michiganscience. org/article.aspx?ID=15 18 9&print=yes.
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utilizing the market derived price of saltin 2012. An evaluation of the price paid andfive year average use of
salt was undertaken to estimate the weighted average cost of saltin 2012 based on data from the Washington
State Departmentof Transportation; the resulting costis$59.38 pertongg.

Application Specific Benefit Estimation

Enhanced Maintenance Decision Support System — Thisapplication providesdata to road managersthat
can optimize thetreatmentof roadsbased on the additional information. Anticipated benefitsare categorized
as operational cost savingsincluding labor savingsand savingsfrom reduced salt use. Additionally, reduced
salt use will lead to lessnegative environmental impactsassociated with salt treatment. To estimate the labor
savings provided by thisapplication, a study by the DOT ITS Program on the pre - and post-implementation of
an Maintenance Decision Support System in Denver, Colorado wasutilized. Theresultsare documented inthe
report entitled “Benefit-Cost Assessment of a MDSS Implementation: the City and County of Denver®’. The
report estimated that the average labor savingsfrom the applicationare $95,359 per year.

The Denver estimate wasthen extrapolated to the United Statesby assuming that the share of laborsavings
to total expenditure on snow and ice removalwould be the same inDenverasin the rest of the country. Based
on thislogic the ratio of Denver expenditure to total U.S. expenditure wasused to estimate total U.S. labor
savings. The value forthe annual U.S. expenditure on snow and ice removal (state and local expenditures)is
$3,090,000,000**. The Denverarea expenditureis$5,500,000; a ratio of 562to 1. Therefore, the Denverlabor
savings were estimated at $53,574,139. Note that thisisthe total potential labor savingsif the application was
deployed 100% of the time and will be reduced based on estimated deployment.

The Enhanced Maintenance Decision Support System will also save salt used to attainthe same level of
service based on the additional information. To estimate the tonsof salt saved by thisapplication, a case study
conducted in New Hampshire onthe reduction of salt use based on the deploymentof statewide MDSS was
utilized. The study, “Benefit—Cost Analysisof Maintenance Decision Support System” estimated that in New
Hampshire, maintaining the same level of service, MDSSwould yield savings of 23,644 tonsof salt peryear*.
According to the Washington State DOT, New Hampshire’sfiver-year average salt use is200,000 tonsper
year43. Based on the case study and average use, the applicationhasan efficacy of 12 percent. The
incidence (opportunity for salt savings) isbased on the total salt used forthe entire U.S. which is 12,953,675
tons according to the Washington State DOT. By applying the application efficacy to theincidence, the resultis
1,531,383 tonsof salt peryear. Thisisthe total potential salt savingsand will be reduced based on the
deployment schedule. Boththe value of the material and the value associated with environmental impacts of
salt will be used to determine the monetary value of the salt avoided.

39. Washington State Department of Transportation. 2012-2013 D.O.T Salt Price Conparison &5 Year Average Use. October 2012.
Available at: http:/mww.wsdot. wa.goVNR/rdonl yres/DFEBF A2B-5A42-4 9B A-82A 9-3FBF4 AEF 2 58F/ 0/SaltCompMap. pdf.

40. Department of Transportation RITA ITS JPO. Benefit-Cost Assessient of a MDSS Inplenmentation: The City and County of Denver;
December 2009; Available at: http://ntl.bts.qowvlib/33000/33100/33156/denver mdss bca report final.pdf.

41. Department of Transportation, Office of Policy. Highway Statistics. 2010. Available at:

http:/Amwwv.fhwa.d ot.g o v/p olicyinfor matio n/statistics.cfm.

42. Zhirui Ye, Christopher K. Strong, Xianming Shi, Steven M. Conger, and Davd L. Huft. Benefit-Cost Analysis of Maintenance Decision
Support System Transportation Research Record: Journal of the Transportation Research Board, No. 2107, Transportation Research
Board of the National Academies, Washington, D.C., pp. 95-103. 2009. Awailable at: http:/Amww.coe. montana.e du/meffac ulty/ Shi/MDSS-
CostBenefit.pdf.

43. Washington State Department of Transportation. 2012-2013 D.O.T Salt Price Conparison &5 Year Average Use. October 2012.
Available at: http:/Awwv.wsdot. wa.qgoVNR/rdonl yres/DFEBF A2B-5A42-49B A-82A 9-3FBF4 AEF258F/0/SaltCompMap. pdf.
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Information for Maintenance and Fleet Management Systems — Thisapplication willadd value to the
Enhanced Maintenance Decision Support System and will also provide valuable data on the health of the
equipment used forsnow and ice removal and other weather maintenance vehicles. Continuous monitoring of
the fleet health willlead to cost savingsassociated with breakdownsand other unroutine maintenance. At this
time of thisanalysis, the data on potential fleet health monitoring benefitswastoo limited to includein the
results; however, as thisinformation becomesavailable, itwill beincorporated intothe analysisand is
expected to increase the non-safety benefitsof the road weather management connected vehicle applications.

Variable Speed Limits for Weather-Responsiv e Traffic Management — Thisapplicationislikely to produce
mobility and associated environmental benefitsby smoothingthe flow of traffic during adverse weather. While
variable speed limitshave beenwell studied andthere isa great deal of information onthe benefits of
smoothing traffic, there islimited data on the smoothnessof traffic during adverse weatherand the potential
increase in smoothnessthat may be experienced with a weatherresponsive variable speed limit. Asthis
informationbecomesavailable, it will be incorporated into the analysisand isexpectedto increase the non -
safety benefitsof the road weather management connected vehicle applications.

Motorist Advisories and Warnings — Thisapplication can relieve both incident related and non-incident
related congestion. The primary purpose of thisapplication isto provide information on road weather
conditionsthat can leadto increased safety. The direct safety benefits — reduced crashes—lead to secondary
mobility and environmental benefits. The analysisevaluatesthe incident related congestion; however, there
may be additional benefitsrealized from non-incident related congestion and thiswill be evaluatedasmore
informationbecomesavailable. Annually, people waste 1.2 billionhoursin crash related congestion“’. The
efficacy of thisapplication for safety benefitswasestimated at 20 percent based on a study conductedin
Finland on the behavioral impactsof driversto weatheralertsand the associated safety be nefits®. The
incidence, for mobility and environmental benéefits, isthe numberof hoursspentin crash related congestion
underadverse weather conditions.

To estimate theincidence, the total number of hoursspentin crash related congestion ismultiplied by 24
percent (the proportion ofcrashesthat occurunderadverse weather) and furtherreduced due tothe fact that
less people travel during adverse weatherand thereduction involume will lead to lesscongestion. Adverse
weatherreducesvehiclevolumeby approximately 1 5percent46, so thisisused to estimate the final incidence
as: 1.2 billion *24% * 85% which equals 244,800,000 hours. Theincidenceismultiplied by the effectiveness
(20%)yielded a total potential hourssaved of 48,960,000. Thiswill be furtherreduced based on deployment
assumptions. The number of person hourssaved ismonetized using the VT TS assumingthat thisapplication
primarily reducestime wasted by passenger vehicle occupants.

Time spentincongestionisassociated with wasted fuel. Theamount of fuel wasted on average for vehiclesin
congestion wasestimated usinga fuel savingsto travel time savingsratio from a study on performance

44. Department of Transportation, Road Weather Managenment Program Road Weather Managenent in Low Visibility Conditions. 2004.
Available at: http://mww.topslab. wisc.edu/resources/INHVC presentations/Regina McElroy.pdf.

45. Kumala, Rama. The Effects of Weather and Road Condition Warnings on Driver Behaviour. 2nd World Congress on Intelligent
Transport Systems, Technical Research Centre of Finland (VTT).1995

46. Department of Transportation, Road Weather Managenent. Arterial Operations in Adverse Weather, Awailable at
http://ops.fhwa.dot.gov/we ath er/resources/ publications/fhwa/ite04 _artopsadvewthr.doc.
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measures; the ratio isforevery 29.98 hoursspentin congestion, 5.06 gallonsof fuel are wasted*’. Thisratio
multiplied by the number of hourssaved (29.98 hours +5.06 gallons* 48,960,000 hours)equals 8,263,429
gallons. Thisrepresentsthe maximum potential gallonssaved by the application; thisvalue will be reduced
based on the deployment assumptionsand monetized aspreviously described.

Fuel savingsin turn resultin reductionsin GHG and criteria pollutant emissions. To estimate the volumesof
emissionssavings based on the gallonsof fuel saved, the EPA'semission conversion factorswere utilized®.

Table 7 providesthe conversion factors.

Table 7. Fuel Savings Conv ersion Factors (EPA)

Grams Saved

GHGs Particulate Hydro- Carbon Nitrous
(Carbon Dioxide) Matter carbons  Monoxide Oxide
1 Gallon Fuel Saved = 8,849 0.118 32.6 297 22.8

Source: Booz Allen Hamilton, January 2013.

Based on the conversion factors, the application could potentially reduce GHG emissionsby (8,263,429 *
8,849 +1,000,000(gramsto tons)) 73,122 tonsperyear. The application could reduce particulate matter
emissionsby (8,263,429 * 0.118 + 1,000,000 (gramsto tons)) 1 ton. Hydrocarbonscould bereduced by
(8,263,429 *32.6+1,000,000 (gramsto tons)) 270 tons. Carbon dioxide could be reduced by (8,263,429 * 297
+ 1,000,000 (gramsto tons)) 2,457 tons. Nitrousoxide emission could be reducedby (8,263,429 * 22.8 +
1,000,000 (gramsto tons)) 188 tons. Each of these valuesrepresent the maximum potential emissionssaved
by the application; thisvalue will be reduced based on the deploymentassumptionsand monetized as
previously described.

Information for Freight Carriers — Thisapplication can provide freight driverscritical information aboutroad
weather conditionsand help themto avoidincidentand non-incident related congestion. Similar to motorist
advisoriesand warnings, the efficacy of thisapplicationisexpectedto be 20 percent, which representsthe
proportion of incident and non-incident related congestion thatfreightcarrierscan avoidto incur non-safety
benefits. The analysisevaluatesboth incidentrelated and non-incident related congestion. Theincidence,
therefore, isthe number of hoursthat freight vehiclesspend in congestion under adverse weather conditions.

The incidence of freightvehicle hoursspentin congestion under ad verse weather conditionsisestimated by
the Department of Transportationat 32.6 billion*°. The incidence ismultiplied by the effectiveness (20%)
yielding a total potential of hourssaved of 6.5 billion. Thiswill be further reduced based on deployment
assumptions. The numberof freightvehicle hourssaved ismonetized usingthe VFTTS, whichtakesinto
account the driver'swages, freight opportunity cost, and additional operationsand maintenance of the vehicle
associated with the delay.

47. Chang, Gang-Len, Ying Liu, Pei Wei Lin, Nan Zou, and Jean Ywes Point-Du-Jour. Performance Evaluation of Chart: Year 2002. 2003.
Awvailable at: http:/Amww.ops.fhwa. dot.govicongestion report/chapter4. htm.

48. Environmental Protection Agency. Emission Facts: Average Annual Emissions and Fuel Consunption for Passenger Cars and Light
Trucks. 2007. Available at: http:/swwv.epa.goviotag/consumer/420f08024.pdf.

49. Department of Transportation, Road Weather Management Program. How Do Weather Events Inpact Roads? Available at:
http:/Awwv.ops.fhwa.dot.goviweather/q1 roadimpact. htm.
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The congestionwill also resultin fuel wasted asdescribed forthe motorist advisory and warning application.
The fuel savingsto travel time savingsratio aspreviously described wasused to estimate gallons of fuel
saved. Thisratio multiplied by the number of hourssaved (29.98 hours+5.06 gallons* 6.5 billion hours)
equals 1.1 billion gallons. Thisrepresentsthe maximum potential gallonssaved by the application; thisvalue
will be reduced based on the deployment assumptionsand monetized aspreviously described.

Fuel savingsin turn resultin reductionsin GHG and criteria pollutant emissions. Using the EPAconversion
factorspreviously describe, the application could potentially reduce GHG emissionsby (1.1 billion * 8,849 +
1,000,000 (gramsto tons)) 9,737,709 tonsperyear. The application could reduce particulate matteremissions
by (1.1 billion*0.118 + 1,000,000 (gramsto tons)) 129 tons. Hydrocarbonscould be reduced by (1.1 billion *
32.6 +1,000,000 (gramsto tons)) 35,890 tons. Carbon dioxide couldbe reduced by (1.1 billion * 297 +
1,000,000 (gramsto tons)) 327,229 tons. Nitrousoxide emission could be reduced by (1.1 billion*22.8 =
1,000,000 (gramsto tons)) 25,070 tons. Each of these valuesrepresent the maximum potential emissions
saved by the application;thisvalue will be reduced based on the deployment assumptionsand monetized as
previously described.

Information and Routing Support for Emergency Responders — There may be limited mobility and
environmental benefitsassociated with the expected reductionin crashes; however, the amountof congestion
associated with ambulance crashesisnotlikely to be in line with national average incident related congestion
and there isnot enough information to estimate the congestionimpactat thistime. These benefitmay be
estimated if more informationbecomesavailable;itisnot expectedto provide significantadditionsto the non -
safety benefits.

Weather-Responsive Signal Timing — Thisapplication isdesignedto optimize safety and traffic throughput
atsignalizedintersectionsduring adverse weather conditions. Due to changesin driving behavior, normal
signal operationslead to travel time delaysthroughintersectionsunder adverse weather conditions. Astudy
compared the travel time through a signalizedintersection during adverse weather conditionswith a normal
signal timing algorithm and a weather optimized signal algorithm. Thisstudy reported average savingsof 4
seconds pervehicle thatcrossed the intersection®. ThisBCA estimated the efficacy of the application
therefore as4 seconds travel time savingsper signalizedintersection vehicle crossing; converted to hoursthe
benefitis0.001 hoursperintersection crossing.

To estimate theincidence, itwasnecessary to determine the number of signalized intersection vehicle
crossings that occurunderadverse weather conditions. Toachieve this, first the number of annual signal
crossings was estimated using the following calculation:

1)Arterial VMT + Arterial Road Miles= Average Traffic Volume
2)Average Traffic Volume * 2 Roadsper Signalized Intersection = Signalized Intersection Crossings
3) Signalized Intersection Crossings* Signalized Intersections= Total Signal Crossings

The annual Arterial VMT and the Arterial Road Milesare derived from the Department of Transportation
Highway Statistics®*. The number of signalized intersectionsisbased on the estimate that there isone

50. Maki, Pamela J. Adverse Weather Traffic Signal Tining. Available at: http://trafficware.infopop.cc/d ownloads/00005. pdf.

51. Department of Transportation, Office of Policy. Highway Statistics. 2010. Available at:
http://mww.fhwa.d ot.g o v/p olicvinfor matio n/statistics.cfm.
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signalizedintersection per 1,000 people from the Federal HighwayAdministration52. Based on thiscalculation,
there are 1.4 trillion signal crossingsperyear.

Assuming that 24 percent of crossingsoccurunder adverse conditionsand that volume isfurtherreduce by 15
percent, the number of signal crossingsunder adverse weather conditionsis286 billion; thisisth e incidence.
Multiplying theincidence by the efficacy (travel time savingsof 0.001 hoursperintersection crossing)yieldsan
annual travel time savingsof 317,433,364 hours. The value isfurtherreduced by the deployment scenario;
assuming thisbenefitwill only be realized ifthe intersectionhasan RSE. The analysisassumesthe benefitis
predominantly passenger vehicle traffic and monetizesthe travel time savingsusing the VTTS.

The reduced travel time will have fuel saving benefits. The fuel savingsto travel time savingsratio as
previously described wasused to estimate gallonsof fuel saved. Thisratio multiplied by the number of hours
saved (29.98 hours+ 5.06 gallons* 317,433,364 hours)equals 53,576,145 gallons. Thisrepresentsthe
maximum potential gallonssaved by the application; thisvalue willbe reduced based on the deployment
assumptionsand monetizedaspreviously described.

Fuel savingsin tumn resultin reductionsin GHG and criteria pollutant emissions. Using the EPA conversion
factorspreviously describe, the application could potentially reduce GHG emissionsby (53,576,145* 8,849 +
1,000,000 (gramsto tons)) 474,091 tons peryear. The application could reduce particulate matter emissions
by (563,576,145 *0.118 + 1,000,000 (gramsto tons)) 6 tons. Hydrocarbonscould be reduced by (53,576,145 *
32.6 +1,000,000 (gramsto tons)) 1,747 tons. Carbon dioxide could be reduced by (53,576,145 * 297 +
1,000,000 (gramsto tons)) 15,932 tons. Nitrousoxide emission could be reduced by (53,576,145 *22.8 =
1,000,000 (gramsto tons)) 1,221 tons. Each of these valuesrepresent the maximum potential emissions
saved by the application;thisvalue willbe reduced based on the deployment assumptionsand monetized as
previously described.

52. Department of Transportation, Federal Highway Administration. Manual on Uniform Traffic Control Devices. 2012. Available at:
http://mww.mutc d.fhwa.dot.gov knowledg effags/fag partd.htm#gl.
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Cost Estimation

There are three categoriesof costs considered in the analysis: CVE core costs, road weather specific
connected vehicle costs, and application specific costs. The first set of costs is incurred regardlessof which
applicationsare deployed andcan be used by all connected vehicle applicationsincluding those designed for
purpose otherthan road weathermanagement. The second set of costs is re quired forall road weather
connected vehiclesto functionbut isnot specific to any particular application. The final set of costs are specific
to each of the applications.

CVE Core Costs

The CVE Core costs are described in the scenariodeployment section. The cost elementsthat are included in
the CVE core are RSE development, RSE installation and maintenance and operation, OBE installation and
maintenance and operation, and networkbackhaul and recurring costs.

RSE Installation, Operating, and Maintenance Costs

The cost of RSE development is $6 million thatisall incurred upfront.53 RSE installation and maintenance and
operationscostsdifferbased on the locationand whetherornot the RSE will have accessto the powergrid.
The costs for RSEs are displayed in Table 8 below.

Table 8. RSE Costs™*

talton | | Mtbe of | Tt Il
Urban Freeway RSE with wireline $9,600 5,000 $48,000,000
Urban Freeway RSE with wireless $20,300 20,000 $406,000,000
Urban Signal RSE with wireline $11,600 42,000 $487,200,000
Urban Signal RSE with wireless $22,300 168,000 $3,746,400,000
Rural Interstate with power grid connection $29,300 13,600 $398,480,000
Rural Interstate without power grid connection $37,100 3,400 $126,140,000
Total RSE Installation Costs $5,212,220,000

Source: Booz Allen Hamilton, January 2013.

53. Department of Transportation Volpe Center. Vehicle-Infrastructure Integration (VII) Initiative Benefit-Cost Analysis. May 8, 2008.
54. |bid.
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The installation costsare incurred equally over the five year installation period. During that period and through
the end of the analysis, each type of RSE isexpectedto incuran operationsand maintenance cost of 10% of
the installation cost.

OBE Installation, Operating, and Maintenance Costs

The initialinstallation cost of an OBE unitisexpectedto be $50. The expected life of the unitis 12 yearswith
replacement of the unit costing $100. Short ofthe 12 yearlife, itisexpected that there will be some unitsthat
break before theirdesign lifeisover; due to thisthere isan ongoing cost incurred of two percent of the
replacement cost. Based on all of these factorsthe equivalentannual cost (the adjusted cost annually taking
into account that installation costswill be incurred inthe first year)is$6. The $6 unitcost per OBE unitis
multiplied by the number of OBEsin any givenyearbased on the assumptionsdescribed in the deployment
scenario section. In 2055, the totalannual OBE costis$2 billion.

Network Backhaul, Operating, and Maintenance Costs

To enablea DSRC networkto function asrequired by the road weather applicationsthere needsto be a
backhaul to increase the volume of data that can be sent over DSRC and there will also be an ongoing cost
associated with maintaining the networkfunctionality. To increase the capability of the networkto allow all of
the road weatherapplicationsto function properly, the total cost isestimated at $221,500,000 thatwill be
incurred between 2015 t02019. The ongoing cost will $353,700,000.%°

Road Weather Specific Costs

In addition to the CVE core costs, the road weather connected vehicle applicationsare relianton the VDT. This
cost is not associated with any specific application and will be leveraged by all road weather applications so
was isolated inthe analysisfrom the application specific costs. The VDT installation costsare expected to be
$10 millionperyearforfive years(2015 —2019)assumingthat ten TMCswill install a VDT eachyear. The
ongoing operationsand maintenance costsforthe VDT are estimated to beten percent of theinitial cost ($1
million peryear). Thisestimate isbased on expert RWMP judgment due to the fact that there are not currently
betterestimatesavailable in the literature.

Application Specific Costs

There are a number of application specific coststhat are incremental to the installationand maintenance and
operation ofthe additional applications. The cost elementsrequired forsome orall of theapplicationsare:
maintenance vehicle environmental sensors, application development, system integration and backoffice
costs, education andoutreach, incremental OBE costs.

Maintenance Vehicles Will Have Environmental Sensor

Some of the applicationswill utilize environmental sensorson maintenance vehiclesforadditional information.
For each maintenance vehicle (in currentanalysis, snowplowsare substituted), there isa capital cost of

55. Department of Transportation Volpe Center. Vehicle-Infrastructure Integration (VII) Initiative Benefit-Cost Analysis. May 8, 2008.
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$30,000 with a life of 5 years, oran equivalentannual cost of $6,000 per vehicle. The operating and
maintenance cost is$500. The total annual cost, therefore, is $6,500.°°

Application Development

The Volpe CenterBCAincludesan estimate of the one-time cost fordeveloping each application. Asreported
in that study, “these costs represent the incremental development costsfor each additional application.
Examplesinclude developmentof software and algorithms, creating map databases, ordesigninghuman -
machine interfaces (HMI) and warning protocols.” The estimated upfront cost of developing a new connected
vehicle applicationis$10 million. ThisBCA utilizesa one-time, nationwide, upfront cost of $10 million.>’

Systemintegration and Backoffice Costs

There are costs associated with integrating the application intothe currentsystem including the infrastructure,
conventional ITS, andoperations. Thiscostisincurred per TMC, perapplication. The estimated capital costis
$1,350,000 with a life of 35 years; yielding an equivalent annual cost of $38,571.The ongoing operationsand
maintenance costswhich include the necessary increase in labor and backoffice costsof managing application
data isestimated at $200,000; with a total annual cost of $238,57 1.2

Education and Outreach

Due to the nature of many of the applicationsrequiring the driverto respond to information provided,itislikely
thatthe TMC or DOT willengagein an outreach program to provide educationon the application andensure
betteruse. A2008 report by the National Cooperative Highway Research Program notesthat media,
education, and outreach would occurinwaves, with each wave costing approximately $0.03 to $0.06 per
capita. The study based itsestimate on cost data from variousstatesforthe “ClicklIt or Ticket” campaign. This
BCA assumsgs that there will be one wave of outreach peryear, with anannual operations cost of $0.045 cents
percapita.

Incremental OBE

The Volpe Center BCAestimatesthat an applicationwill likely increase the annual operationsand
maintenance costsforan OBE. As stated in the report, “the magnitude of these costsis not yet clear. However,
just as each applicationinstalled on a personal computer addsslightly to operating costsand to the chance
that repairsor software upgradeswill be needed, so doeseach VIl safety application add slightly to the
maintenance cost of the OBE.” That study estimatesthat the cost of replacing a failed OBE is$100. It further
estimatesthat the typical failure rate is 2 percent peryear, but the incremental complexity from addinga new
applicationincreasesthe failure rate by 5 percentto 2.1 percent peryear. The incremental expected annual

56. Kack, David, and Eli Cuelho. Needs Assessnent and Cost-Benefit Analysis of RoadView (TM) Advanced Snowplow Technology
System Proceedings of the Sixth International Symposium on Snow Removal and Ice Control Technology, Spokane, Washington,
Transportation Research Board; June 7-9 2004; http://onlinepubs.trb.org/onlinepubsi/circulars/ec06 3.pdf.

57. Department of Transportation Volpe Center. Vehicle-Infrastructure Integration (VII) Initiative Benefit-Cost Analysis. May 8, 2008.

58. In Spokane, enhancements toa regional TMC for advanced traweler information systems was $1,238,679. In Louisiana, integrating
weather information into TMC operations cost $314,500 upfront with $49,500 annual O&M. A similar upgrade in Wyoming cost $6.27M up
front with $833K O&M. A logarithmic average was taken for these three cases. http:/mww.benefitcost.its.dot.gov.

59. "Guidance for Implementation of the AASHTO Strategic Highway Safety Plan", The cost of the “Click-It or Ticket” campaign costs 3-6
cents per capita. http://onlinepubs.trb.org/onlinepubs/nchrp/nchrp rpt 500v22.pdf, NCHRP. p. V-84.
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cost for OBE due to thisassumption iscalculated belowin Table 9; the annual O&M forincremental OBE costs
of $0.10 pervehicle equipped with an OBE. 60

Table 9. OBE Incremental Cost Calculation

Replacement Annual Failure Expected Annual Incremental Annual

SEEEL Cost Rate Failure Cost Cost
Baseline $100 2% $2.00 -
With Application $100 2.1% $2.10 $0.10

Source: Booz Allen Hamilton, January 2013.

Variable Speed Limit Sign

Thisanalysisassumes that the variable speed limitsfor weather-responsive traffic management application will
require a large dynamic message sign on freewayssince not all vehicleswillhave OBEsin the nearterm. The
ITS-JPO Benefit Cost website containsa 2005 estimate for the cost parametersof a dynamic message sign. **
The estimated capital cost forthe equipment andinstallationrangesfrom $47,000to $117,000, the annual
operationsand maintenance costisfrom $2,300 to $6,000, and the expected lifespan is 10 years. Forthe
purposes of thisstudy, average valueswere used, resulting in a capital cost of $82,000, an ongoing cost of
$4,150, and a lifespan of 10 years.

The cost elementsdescribed above are held constantforeach of the applications; however, not all of the
applicationsrequire all of the cost element. Table 10 illustrateswhich applicationswill require which of the cost

elements(denoted by a checkmark).

Table 10. Application Cost Element Matrix

Maintenance Application System Education Incremental Variable
Application Vehicles will De'\algloc mc:ent integration and and CSBE Speed
have ESS P backoffice costs Outreach Limit Sign

Enhanced Maintenance \/ \/ \/ \/ \/

Decision Support System
Information for Maintenance
and Fleet Management
Systems

Variable Speed Limits for
Weather-Responsive Traffic
Manag ement

Motorist Advisories and
Warnings

Information for Freight Carriers

Information and Routing
Support for Emergency
Responders

< | 2 [ <] < | <

2| <2 [ <] <= | =<
2

2| <2 | <] < | <

Weather-Responsive Signal
Timing
Source: Booz Allen Hamilton, January 2013.

60. Department of Transportation Volpe Center. Vehicle-Infrastructure Integration (VII) Initiative Benefit-Cost Analysis. May 8, 2008.
61. Department of Transportation Volpe Center. Vehicle-Infrastructure Integration (VII) Initiative Benefit-Cost Analysis. May 8, 2008.
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The unit costsdescribed in thissection will vary per year based on the integration of the deployment scenario.
Table 11 showsthe formulasused to extrapolate the costsforeach of the applications; these formulasremain

constant foreach year of the analysis, while the valueswill change.

Table 11. Cost Extrapolation Formulas

Application

Cost Extrapolation

Enhanced
Maintenance
Decision Support
System

[Mamtenance Vehicle ESS Cost Element x Application Inplenentaiion (%) X Number of Snowplows] +
[Application Developnent Cost (one-tine)] + [System Integration and Backoffice Cost Elenent x
Application Inplenentation (%) x TMCs] + [Education Cost Elemrent x Application Inplementation (%) x
Population] + [Incremrental OBE Cost Element x Application Inplenentation (%) x Nunber of
Connected Vehicles] = Annual Cost

Information for
Maintenance and
Fleet

[Application Developnent Cost (one-tine)] + [System Integration and Backoffice Cost Elenent x
Application Inplenmentation (%) x TMCs] + [Incremental OBE Cost Element x Application

Management Inplerrentation (%) x Nunber of Connected Vehicles] = Annual Cost
Systems
V_ar!able Speed [Application Developrrent Cost (one-tine)] + [System Integration and Backoffice Cost Elenent x
Limits for Application Inmplenentation (%) x TMCs] + [Education Cost Element x Application Inplementation (%) x
Weather-l Population] + [Incremental OBE Cost Element x Application Inplenentation (%) x Nunber of
Responswe Connected Vehicles] + [Variable Speed Linit Cost Element Application Inmplementation (%) x 1/3 of
Traffic Freeway Miles] = Annual Cost
Management

] [Application Development  Cost (one-tine)] + [System Integration and BacKotice Cost Element X
MOt_OfIS.t Application Inplenentation (%) x TMCs] + [Education Cost Elemrent x Application Inplementation (%) x
C\g::;s and Population] + [Incremental OBE Cost Element x Application Inplenentation (%) x Nunber of

Connected Vehicles] = Annual Cost

Information for
Freight Carriers

[Application Development Cost (one-time)] + [System Iniegraiion and Backoffice Cost Elenent X
Application Inplementation (%) x TMCs] + [Incremental OBE Cost Elenent x Application
Implenentation (%) x Nurrber of Connected Vehicles] = Annual Cost

Information and
Routing Support
for Emergency

[Application Developrment Cost (one-tine)] + [System Integration and Backoffice Cost Elenent x
Application Inplementation (%) x TMCs] + [Incremental OBE Cost Element x Application
Inplenentation (%) x Nurrber of Connected Vehicles] = Annual Cost

Responders

[Application Developrrent Cost (one-tine)] + [System Integration and Backoffice Cost Element x
Weather-l Application Inplenentation (%) x TMCs] + [Education Cost Elerent x Application Inplementation (%) x
R_espongvg Population] + [Incremental OBE Cost Element x Application Inplenentation (%) x Nunber of
Signal Timing

Connected Vehicles] = Annual Cost

Source: Booz Allen Hamilton, January 2013.

The net benefitsforeach application are calculated by simply subtracting the extrapolated costsfrom the
extrapolated benefits.
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National Extrapolation

Extrapolation of the data takesinto accountall of the previously described assumptions, in particularthe
deployment scenario, some additional datapoints, and estimatesthe likely total annual U.S. benefitsand costs
of each of the road weather connected vehicle applications. There are a number of key factors utilized to
extrapolate the benefitsand costs; these factors are: application implementation deployment rate, connected
vehicle infrastructure (%vehicleswith an OBE), connected vehicle infrastructure (number of vehicleswith an
OBE), population (driving age only), the number of snowplowsin the U.S., the numberof TMCs, the
application maturity effectivenessfactor, national freeway miles, road side equipmentavailability (% of
connectivity), and signal RSEsavailability (% of conneciivity).

The applicationimplementation deploymentrate, connected vehicleinfrastructure (%vehicleswith an OBE),
and the application maturity effectivenessfactorwere described in the deploymentscenario section. The
numberof vehicleswith OBE iscalculated aspreviously described. The populationisderivedfrom the
Department of Energy Annual Energy Outlook2011 forecast for population growth (16 and over). %2 The
numberof snowplowsisestimated to be 1,066,900 based on the U.S. Department of Commerce Vehicle
Inventory Survey.63 The number of TMCsused forthe analysisis266 based on the number of surveys
distributed by fora Deployment Survey of Traffic Management Centers conducted by the Department of
Transpor’[ation.64 The number of national freeway milesisderived from the Federal Highway Administration
Highway Statistics.®® Finally road side and signal RSE availability are based on phased connectivity overthe
five yearinstallation period, with connectivity of urban andrural freeway reaching 100 pe rcent, while signal
connectivity reaches 70 percent of urbansignalsonly.

These extrapolationfactorsare utilized along with the annual benefitsand cost estimatesto derive the
expected valuesforeach yearand the entire period. The calculation to estimate the extrapolated value for the
benefitsand costsforeach application variesslightly (based on their technical requirements) and the formulas
to estimate safety benefitsand costs are described below. Non-safety benefitsare calculated similarly,
however, the value asdescribed in the non-safety benefits section replace the safety unit value (e.g. rather
than fatalitiesavoided ($)it would be fuel saved ($)). Table 12 showsthe formulasused to extrapolatethe
benefitsforeach of the applications; these formulasremain constantfor each year of the analysis, while the
valueswill change.

62. Department of Energy, Energy Information Administration. Annual Energy Outlook 2011, Reference Case. May 2011.

63. Department of Commerce, Economics and Statistics Administration, U.S. CENSUS BUREAU, 2002 Vehicle Inventory and Use Survey,
available at: http://mvww.census.govis vsd/www/vius/2002.html.

64. DOT RITA ITS. Deploynent  Survey of Traffic Managenent Centers; Available at: http:/mwwv.itsdeployment.its.dot.goWTMC.as px.

65. DOT FHWA. Highway Statistics. Available at: http://mww.fhwa.d ot.gov/policvinfor mation/statistics.cfm.
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Table 12. Benefit Extrapolation Formulas

Application Benefit Extrapolation

[Fatalities Avoided ($) x Application Inmplenentation (%) x Connected Vehicle Infrastructure (%) x
Enhanced Application Maturity Effectiveness Factor (%) x Road Side Equiprment Availability (%)] + [Injuries
Maintenance Avoided ($) x Application Inmplementation (%) x Connected Vehicle Infrastructure (%) x Application

Decision Support
System

Maturity Effectiveness Factor (%) x Road Side Equipnent Availability (%)] + [Property Damage Avoided
($) x Application Inplenmentation (%) x Connected Vehicle Infrastructure (%) x Application Maturity
Effectiveness Factor (%) x Road Side Equipment Availability (%)] = Annual Benefit

Information for
Maintenance and
Fleet

[Fatalities Avoided ($) x Application Inmplemrentation (%) x Connected Vehicle Infrastructure (%) x
Application Maturity Effectiveness Factor (%) x Road Side Equipnment Availability (%)] + [Injuries
Avoided ($) x Application Inplerrentation (%) x Connected Vehicle Infrastructure (%) x Application
Maturity Effectiveness Factor (%) x Road Side Equipnent Availability (%)] + [Property Danage Avoided

Management (%) x Application Inplenentation (%) x Connected Vehicle Infrastructure (%) x Application Maturity
Systems Effectiveness Factor (%) x Road Side Equipment Availability (%)] = Annual Benefit
Variable Speed [Fatalities Avoided ($) x Application Inmplenentation (%) x Connected Vehicle Infrastructure (%) x
Limits for Application Maturity Effectiveness Factor (%) x Road Side Equipment Availability (%)] + [Injuries
Weather- Avoided ($) x Application Inplerrentation (%) x Connected Vehicle Infrastructure (%) x Application
Responsive Maturity Effectiveness Factor (%) x Road Side Equipnment Availability (%)] + [Property Danege Avoided
Traffic ($) x Application Inplerrentation (%) x Connected Vehicle Infrastructure (%) x Application Maturity
Management Effectiveness Factor (%) x Road Side Equipment Availability (%)]= Annual Benefit
[Fatalities Avoided () X Application Implenentation (%) X Connected Vehicle Inirastructure (%) x

) Application Maturity Effectiveness Factor (%) x Road Side Equipment Availability (%)] + [Injuries
MOt_OHS,t Avoided ($) x Application Inplemrentation (%) x Connected Vehicle Infrastructure (%) x Application
C\?:rzﬁ:ée: and Maturity Effectiveness Factor (%) x Road Side Equipnment Availability (%)] + [Property Danmege Avoided

($) x Application Inplenentation (%) x Connected Vehicle Infrastructure (%) x Application Maturity
Effectiveness Factor (%) x Road Side Equipment Availability (%)] = Annual Benefit

Information for
Freight Carriers

[Fatalities Avoided ($) X Application Implenentaion (%) x Connected Venicle Tnirastruciure (%) x
Application Maturity Effectiveness Factor (%) x Road Side Equipnment Availability (%)] + [Injuries
Avoided ($) x Application Inplementation (%) x Connected Vehicle Infrastructure (%) x Application
Maturity Effectiveness Factor (%) x Road Side Equipment Availability (%)] + [Property Danage Avoided
($) x Application Inplementation (%) x Connected Vehicle Infrastructure (%) x Application Maturity
Effectiveness Factor (%) x Road Side Equipment Availability (%)] = Annual Benefit

Information and
Routing Support
for Emergency

[Fatalities Avoided ($) x Application Inmplementation (%) x Connected Vehicle Infrastructure (%) x
Application Maturity Effectiveness Factor (%) x Road Side Equipment Availability (%)] + [Injuries
Avoided ($) x Application Inplemrentation (%) x Connected Vehicle Infrastructure (%) x Application
Maturity Effectiveness Factor (%) x Road Side Equipnent Availability (%)] + [Property Danage Avoided

Responders ($) x Application Inplementation (%) x Connected Vehicle Infrastructure (%) x Application Maturity
Effectiveness Factor (%) x Road Side Equipment Availability (%)] = Annual Benefit
[Fatalities Avoided ($) x Application Inmplenentation (%) x Connected Vehicle Infrastructure (%) x
Application Maturity Effectiveness Factor (%) x Signal RSEs Availability (%)] + [Injuries Avoided ($) x
Weather—l Application Inplementation (%) x Connected Vehicle Infrastructure (%) x Application Maturity
giegsnp;?nTsilnﬁng Effectiveness Factor (%) x Signal RSEs Availability (%)] + [Property Damage Avoided ($) x Application

Inplementation (%) x Connected Vehicle Infrastructure (%) x Application Maturity Effectiveness Factor
(%) x Signal RSEs Availability (%)] = Annual Benefit
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Limitations of the Analysis

Any forward-looking BCAwill have limitationsdue to the nature of assumptionsthat are required. ThisBCAis
not only evaluating a long time horizon (through2055) but isassessing the benefits, costs, and deploymentof
applicationsthat are not currently developed. There are a number of assumptionsthat impactthe resultsof the
analysisand can be considered in six overarching categories: (1) scope of the analysis, (2) baseline, (3)
scenario deployment, (4) benefit estimates, (5) cost estimates, and (6) extrapolation factors. Each category is
discussed belowin more detail.

Scope of the Analysis: The scope of the analysiswaslimited to the United States; to the extent thatthe
applicationsprovide benefitsorincur costs internationally, the resultswill be under- or over-estimated. The
analysiswas limited to the safety benefitsof the applications; Phase Il will evaluate additional benefitsthat will
likely increase the magnitude of the benefit estimates.

Baseline: There are a numberof assumptionsin the baseline; in particular, itisassumed that conventional
ITS will notsignificantly increase in deploymentdue to cost. Tothe extent that conventional road weather
management ITS isfurtherdeployed, thiswill erode the potential benefits of the road weather connected
vehicle applications (in comparison to the baseline).

Deployment Scenario: There isa great deal ofuncertainty related to the deployment of connected vehicle
technology; inparticularthe CVE core. Thisanalysisrelieson assumptionsabout how quickly and how many
OBEs, RSEs, and applicationswill be deployed. To the extentthat these are under- orover-estimated, the
results of the analysiswill also be under- or over-estimated.

Benefit Estimates: The unit benefitestimatesare derived from theliterature based on the currentstate of
knowledge; many of the applicationsevaluatedin theliterature donot leverage connected vehicle technology
as the envisioned road weatherapplicationsconsideredin thisanalysis. In addition, the literature islimited and
often case studiesare conducted inone area and may notapply inthe extrapolation asexpected. To the
extent that unit benefitsare under- orover-estimated, resultswill be under- or over-estimated.

Cost Estimates: The unitcost estimatesare derived from the literature based on the currentstate of
knowledge. Thisdata islimitedand may not apply in the extrapolation asexpected. Tothe extentthat unit
costs are under-orover-estimated, resultswill also be under- orover-estimated.

Extrapolation Factors: Extrapolation of the benefitsand costsof applicationsrely on the deployment scenario
assumptionsand the unit benefitand cost estimates. To the extent thatthe applicability to the nation asa
whole isunder-orover-estimated, the resultswill be under- orover-estimated.

There are many limitationsto thisanalysis, butitisstill considered valid. The purpose isto identify the potential
safety benefitsof the road weather connected vehicle applicationsand compare the monetized benefitsto
costs of deploying a CVE core. The toolsutilized were designed to beflexible and asnew, betterinforma tion
becomesavailable,the analysiswill be updated.
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Results

The resultsof the road weather connected vehicle applicationsBCA are reported in a number of waysso that
one can interpret the safety and non-safety benefitsof the entire programin comparison to all of the costs
associated with deployment, the benefitsand costsof the individual applicationscan be consideredand
compared, and the qualitative safety and non-safety benefitsof the program and applicationscan be
considered. The safety benefitsforeach of the applicationsare reported first, followed by the non-safety
benefitsforeach of the applications, and thenthe combined safety and non -safety benefits, the application
specific costs, and the application netbenefits (benefitsminuscosts). The total Program benéfits, costs, and
net benefitsare presented followed by a sectioncomparing the resultsof the applications.

Safety Benefits

Enhanced Maintenance Decision Support System Results

The enhanced maintenance decision support system application did yield safety benefitsincluding crashes,
fatalities, injuries, and property damage avoided. These resultsare displayed in Table 13.

Figure 8 shows the stacked total of monetary value ofthe safety benefitsforeach year of the analysis. Injuries
contributesthe greatest value to the monetized safety benefits.

Table 13. Enhanced Maintenance Decision Support System

| Total Safety Benefits (2012 - 2055)

Crashes Fatalities Injuries Property Damage
Avoided Avoided Avoided Avoided
33,863 160 14,101 $ 16,199,082

Source: Booz Allen Hamilton, January 2013.
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Figure 8. Monetized Safety Benefits of Enhanced Maintenance Decision Support System
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Information for Maintenance and Fleet Management Systems Results

Safety benefitswere not estimated forthe information formaintenance and fleetmanagement systems
application.

Variable Speed Limits for Weather-Responsive Traffic Management
Results

The resultsforthe variable speed limitsfor weather-responsive traffic managementare considered astwo
subapplications: in workzonesand notin workzones. The resultsforthe work zone deploymentof the
applicationare described first below.

Variable Speed Limits for Weather-Responsive Traffic Management in Work Zones

Table 14 providesthe qualitative safety benefits of the application deployment for the entire period. Note that
property damage avoidedisnot estimated in workzones, butinformationisattributed to the non -workzone
component of the application. Figure 9 displaysthe annual stacked total of monetized benefitsof the
applicationin workzones. In work zones, the net present value of the safety benefitsincluding fatalities,
injuries, and property damage avoidedis$2.5 billionforthe entire analytical period.
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Table 14. Qualitativ e Safety Benefits of Variable Speed Limits for Weather-Responsiv e Traffic
Managementin Work Zones

Total Safety Benefits (2012 - 2055)

Crashes | Fatalities | Injuries | Property Damage
Avoided | Avoided | Avoided Avoided
24,389 93 10,124 S -

Source: Booz Allen Hamilton, January 2013.

Figure 9. Monetized Safety Benefits of Variable Speed Limits for Weather-Responsiv e Traffic
Managementin Work Zones

Millions USD {2012)

$900 -

$800

$600
$500
$400
$300

$200

Vari

N Work Z N i7ed B b
Cumulative Benefits* = $2,542 Million

able Speed Limits for Weather-Responsive Traffic

M Property Damage Avoided
5700 T E-injuries Avoided
B Fatalities Avoided

2012

2017 2022 2027 2032 2037 2042 2047 2052

Net Present Value in 2012 USD using 7% discount rate

Source: Booz Allen Hamilton, January 2013.

Variable Speed Limits for Weather-Responsive Traffic Management in Non-Work Zones

Table 15 providesthe qualitative safety benefits of the application deployment forthe entire 40 -year period.
Figure 10 displaysthe annual stacked total of monetized benefitsfor each of the safety benefitcategoriesover
time. Thevalue of injuriesavoidedisthe greatest contributor to the total monetary value of the safety benéfits.
The net present value of the safety benefitsfor the entire 40-year period are $174 billion.
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Table 15. Qualitativ e Benefits of Variable Speed Limits for Weather-Responsiv e Traffic Managementin

Non-Work Zones

Total Safety Benefits (2012 - 2055)

Crashes Fatalities Injuries Property
Avoided Avoided Avoided | Damage Avoided

1,624,491 6,203 674,292 | $4,617,875,497

Source: Booz Allen Hamilton, January 2013.

Figure 10. Monetized Safety Benefits of Variable Speed Limits for Weather Responsiv e Traffic
Managementin Non-Work Zones
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Motorist Advisories and Warnings Results

Table 16 providesthe qualitative safety benefits of the application deployment forthe entire 40 -year period.

Thisapplication isestimated to realize nearly 4.5 million crashesavoided with associated reductionsto
fataliiesof almost 21,000 peopleand 1.8 million injuriesavoided.
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Figure 11 displaysthe annual stacked total of monetized benefitsfor each of the benefitcategoriesovertime.
The value of injuriesavoidedisthe greatest contributor to the total monetary value of the safety benefits. The
net present value of the safety benefitsforthe entire 40-year period are $475 billion.

Table 16. Qualitativ e Benefits of Motorist Adv isories and Warnings

Total Safety Benefits (2012 - 2055)

Crashes Fatalities Injuries Property Damage
Avoided Avoided Avoided Avoided
4,409,335 20,798 1,830,221 | $10,973,169,497

Source: Booz Allen Hamilton, January 2013.

Figure 11. Monetized Safety Benefits of Motorist Advisories and Warnings
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Source: Booz Allen Hamilton, January 2013.

Information for Freight Carriers Results

Table 17 displaysthe qualitative safety benefitsestimated forthe application including the total number of
crashes, fatalities, and injuriesavoided. Figure 12 belowillustratesthe annual stacked total of monetized
benefitsof the application. Injuriesavoided contributesthe greatest proportion of the monetized safety benefits
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Table 17. Qualitativ e Benefits of Information for Freight Carriers

Total Safety Benefits (2012 - 2055)

Crashes Fatalities Injuries Property Damage
Avoided Avoided Avoided Avoided
60,472 285 25,100 S -

Source: Booz Allen Hamilton, January 2013.

Figure 12. Monetized Safety Benefits of Information for Freight Carriers
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Information and Routing Support for Emergency Responders
Results

Table 18 displaysthe qualitative safety benefitsestimated forthe application including the total number of
crashes, fatalities, and injuriesavoided. Figure 13 displaysthe annual stacked total of monetized benefits of
the application; thisgraph illustratesthe increasing value of safety benefitsovertime.
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Table 18. Qualitativ e Benefits of Information and Routing Support for Emergency Responders

Total Safety Benefits (2012 - 2055)

Crashes Fatalities Injuries Property Damage
Avoided Avoided Avoided Avoided
372 19 74 $ ;

Source: Booz Allen Hamilton, January 2013.

Figure 13. Monetized Safety Benefits of Information and Routing Support for Emergency Responders
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Weather Responsive Signal Timing Results

The qualitative safety benefitsincludingthe crashes, fatalities, and injuriesavoided forthe period of analysisas
aresult of thisapplication are displayed in Table 19. Figure 14 displaysthe annual stacked total of monetized

benefitsof the application; thisgraph illustratesthe increasing value of safety benefitsovertimeasthe CVE is
increasingly deployed.
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Table 19. Qualitativ e Benefits of Weather-Responsive Signal Timing

Total Safety Benefits (2012 - 2055)

Crashes Fatalities Injuries Property Damage
Avoided Avoided Avoided Avoided
40,407 83 7,278 $ 285,741,334

Source: Booz Allen Hamilton, January 2013.

Figure 14. Monetized Safety Benefits of Weather-Responsiv e Signal Timing
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$4,000

Cumulative Benefits* = $12,379 Million
$3,500

M Injuries Avoided
$3,000 M Fatalities Avoided

12)

8 $2,500

[a]

4 $2,000

(%]

5

= $1,500

=2
$1,000

$500

S-

2012 2017 2022

2027

2032 2037 2042 2047 2052

Net Present Value in 2012 USD using 7% discount rate

Source: Booz Allen Hamilton, January 2013.

U.S. Department of Transportation, Office of the Assistant Secretary for Research and Technology
Intelligent Transportation System Joint Program Office

Road Weather Connected Vehicle Applications Benefit-Cost Analysis Interim Report

42



Non-Safety Benefits

Enhanced Maintenance Decision Support System Results

The enhanced maintenance decision support system application wasestimated to have considerable
operational savingsbenefitsfor state and local road weather managementprograms. The labor savings,

material salt savings, and expected benefitsto the environment asa result of reduced salt use are illustrated
as annual stacked totalsforthe entire analytical periodin Figure 15below.

Figure 15. Monetized Non-Safety Benefits of Enhanced Maintenance Decision Support System
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Source: Booz Allen Hamilton, January 2013.

Information for Maintenance and Fleet Management Systems Results

Non-safety benefitswere not estimated for the information for maintenance and fleetmanagement systems
application.

Variable Speed Limits for Weather-Responsive Traffic Management
Results

Non-safety benefitswere not estimated forthe variable speed limitsfor weather-responsive traffic
management application.

Motorist Advisories and Warnings Results

The motorist advisoriesand warnings applicationwasestimated to have significantmobility and
environmental benefits. The monetized travel time savings, fuel savings, and GHG and criteria pollutant
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emission reductionsbenefitsare displayed asannual stacked totalsforthe entire analytical periodin Figure 16
below.

Figure 16. Monetized Non-Safety Benefits of Motorist Advisories and Warnings
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Source: Booz Allen Hamilton, January 2013.

Information for Freight Carriers Results

The information for freight carriers application wasestimated to have significant mobility benefitsfor freight
vehiclesassociated with environmental benefits. The monetized freight travel time savings, fuel savings, and
GHG and criteria pollutant emission reductionsbenefitsare displayed asannual stacked totalsforthe entire

analytical period in Figure 17 below. The resultsfor thisapplication reflect the high value of time for freight
carriers.

U.S. Department of Transportation, Office of the Assistant Secretary for Research and Technology
Intelligent Transportation System Joint Program Office

Road Weather Connected Vehicle Applications Benefit-Cost Analysis Interim Report | 44



Figure 17. Monetized Non-Safety Benefits of Information for Freight Carriers
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Information and Routing Support for Emergency Responders Results

Non-safety benefitswere not estimated fortheinformation and routing support foremergency responders
application.

Weather Responsive Signal Timing Results

The weatherresponsive signal timing application wasestimated to have considerable mobility and
environmental impacts. The monetized travel time savings, fuel savings, and GHG and criteria pollutant

emission reductionsbenefitsare displayed asannual stacked totalsforthe entire analytical periodin Figure 18
below.
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Figure 18. Monetized Non-Safety Benefits of Weather Responsiv e Signal Timing
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Combined Benefits, Costs, and Net Benefits

Enhanced Maintenance Decision Support System Results

The enhanced maintenance decision support system application wasestimated to have considerable safety

and non-safety benefits. Figure 19 showshow each of the benefit categoriescontributesto the monetized
benefit total. Injuriesavoided isthe single largest benefit category and the reduced environmental impacts
associated with lesssalt use is the second largest benefit.
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Figure 19. Monetized Safety & Non-Safety Benefits of Enhanced Maintenance Decision Support
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The application specific cost elementsare displayed asannual stacked totalsin Figure 20. The installation and
operationsand maintenance of environmental sensors on maintenance vehiclescost elementsfaroutweighs
any other cost element associated withthisapplication. Thisisthe only applicationsthat incursthat particular
cost element; while otherapplicationsmay leverage theinformation thistechnology provides.
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Figure 20. Cost Elements of Enhanced Maintenance Decision Support System
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Figure 21 shows the net benefitswhich considersboth the safety and non-safety benefitsminusthe costsof
the application. Due to the high costs of snow plow environmental sensors, the costs forthisapplication are
never offset by the benefits. The net present value of the applicationforthe entire40 yearsif negative $18

billion.

Figure 21. Net Benefits of Enhanced Maintenance Decision Support System
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Information for Maintenance and Fleet Management Systems Results

The information for maintenance and fleet management systems applicationisnotintendedto yield safety
benefitsand while non-safety benefitssuch as operational cost savingsare expected, they could notbe
estimated at thistime. The costswere estimated. Figure 22 belowillustratesthe annual stacked totalsof cost
elementsassociated with thisapplication.

The scale of thiscost profile issmallerthan many of the othersand the early capital expenditure of application
developmentisclearly visible. T he cost of system integrationand backoffice costsand the incremental OBE
cost elementsare the othertwo large categorical costsassociated with thisapplication. T he fully deployed
CVE will require an ongoing cost of $32 million for thisapplication natio nwide.

The net present value of the costsforthisapplicationforthe entire period of analysisare $6 billion. The cost
savings and other potential benefitsthat will be evaluated in the Phase |l BCAwill haveto exceedthiscostin

orderforthisinvestmentto have a positivereturn.

Figure 22. Cost Elements of Information for Maintenance and Fleet Management Systems
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Variable Speed Limits for Weather-Responsive Traffic Management
Results

The non-safety benefitswere not estimated for thisapplication, therefore only the safety benefits (asdescribed
in the previoussection)are applicable. All of the costsare attributed to the non-workzone component of the
application. Figure 23 below shows the stacked total contribution of theindividual cost elements. The
applicationdevelopmentcostisclearly visible during the initial five yearinstallation period.

Figure 23. Cost Elements of Variable Speed Limits for Weather Responsiv e Traffic Managementin
Non-Work Zones
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The safety benefitsof the work-zone component of the application will be added to the program total; all of the
costs foreitherworkzone ornon-work zone are considered here. Figure 24 displaysthe net benefitsof the
variable speed limitsfor weatherresponsive traffic managementin non-workzones. The benefits (safety only)

of the application quickly outweigh the costsand yield a total net present value of $173 billion for the entire
analytical period.

U.S. Department of Transportation, Office of the Assistant Secretary for Research and Technology
Intelligent Transportation System Joint Program Office

Road Weather Connected Vehicle Applications Benefit-Cost Analysis Interim Report | 50



Figure 24. Net Benefits of Variable Speed Limits for Weather Responsiv e Traffic Management
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Motorist Advisories and Warnings Results

The motorist advisoriesand warningsapplicationwasestimated to have considerable safety and non -safety
benefits. Figure 25 showshow each of the stacked total benefitcategoriescontributesto the monetized benefit
total. Injuriesavoided isthe single largest benefitcategory, faroutweighsany of the other benefitcategories.

Figure 25. Monetized Safety & Non-Safety Benefits of Enhanced Maintenance Decision Support
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The stacked total application specific cost elementsare displayed in Figure 26. The installation and operations
and maintenance of environmental sensorson maintenance vehiclescost elementsfar outweighsany other
cost element associated with thisapplication. Thisisthe only applicationsthat incursthat particular cost
element; while other applicationsmay leverage the information thistechnology provides.

Figure 26. Cost Elements of Motorist Advisories and Warnings
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The motorist advisoriesand warningshasa high rate of incidentsforwhich itisapplicable. Based on the
deployment scenario, this application yieldsthe highest safety benefitsnationwide. Figure 27 below illustrates

the net benefitsof the application. The application’sbenefitsquickly outpace the costsand the total net present
value forthe entire analytical periodis $4 78 billion.
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Figure 27. Net Benefits of Motorist Advisories and Warnings
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Information for Freight Carriers Results

The informationfor freight carriersapplicationwasestimated to have considerable safety and non-safety
benefits. Figure 28 showshow each of the benefit categories contributesto the monetized benefit total. Injuries
avoided isthe single largest benéefit category, far outweighsany of the other benefit categories.
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Figure 28. Monetized Safety & Non-Safety Benefits of Information for Freight Carriers
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Figure 29 displaysthe stacked total cost elementsassociated with the application. The application

developmentcostisclearly demonstratedin the early years; ongoingincremental OBE and system integration

and backoffice costscomprise the major cost components.

Figure 29. Cost Elements of Information for Freight Carriers
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The net benefitsfor the information for freightcarriersapplicationisdisplayed in Figure 30. The safety benefits

of the applicationsoutweigh the costsquickly and yield a positive overall net benefit of $ 749 billion (net present
value forthe entire period of analysis).

Figure 30. Net Benefits of Information for Freight Carriers
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Information and Routing Support for Emergency Responders Results

Figure 31 displaysthe stacked total cost elementsassociated with the application. The application
developmentcostisclearly demonstratedin the early years; ongoingincremental OBE and system integration
and backoffice costscomprise the major cost components.
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Figure 31. Cost Elements of Information and Routing Support for Emergency Responders
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The information and routing support foremergency respondersapplication wasnot associated with a high

number of safety benefitsand the benefitsnever outweigh the costsin the resultsof the analysis. Non-safety

benefitswere not evaluated forthisapplication. The net benefitsare displayed in Figure 32;the application
developmentcostisclearly demonstrated by a large negative spike early inthe profile. The total net present

value of the applicationisnegative $75 million.
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Figure 32. Net Benefits of Information and Routing Support for Emergency Responders
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Weather Responsive Signal Timing Results

The weatherresponsive signal timing application wasestimated to have considerable safety and non-safety
benefits. Figure 33 showshow each of the benefit categoriescontributesto the monetized benefit total. Injuries
avoided andtravel time savingsare the most significant benefit categories.
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Figure 33. Monetized Safety & Non-Safety Benefits of Information for Freight Carriers
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Figure 34 displaysthe stacked total cost elementsassociated with the application. The application

developmentcostisclearly demonstratedin the early years; ongoingincremental OBE and system integration

and backoffice costscomprise the major cost components.

Figure 34. Cost Elements of Weather-Responsiv e Signal Timing
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Figure 35 displaysthe net benefitsof the weatherresponsive signal timing application. The benefitsquickly
outweigh the costsin the analysisyielding a positive netbenefit. The net present value of the cumulative net

benefitsis$32 billion.

Figure 35. Net Benefits of Weather-Responsive Signal Timing
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Total Program

Table 20 providesthe total number of crashes, fatalities, injuries, and property damage avoided by all of the

applicationsforthe entire 40-year period.

Table 20. Qualitative Safety and Non-Safety Benefits of All Applications

Total Safety Benefits (2012 - 2055)

Crashes Fatalities Injuries Property Damage
Avoided Avoided Avoided Avoided
6,417,482 28,099 2,601,571 | S 15,892,985,409

Source: Booz Allen Hamilton, January 2013.

Figure 36 shows overtime how the stacked total monetary value of each of the benefitcategories - safety,
mobility, operational cost savings, and environmental - contribute to the total monetized estimate of the
applicationsorthe total Program benefit. The profile showsthat asdeploymentincreasesso doesthe absolute
volume and monetary value of benefits. The value of injuriesavoided andfreightvehicle traveltime savings
clearly comprise the greatest contribution to the total value of the monetized benefitsfor all applications.
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Figure 36. Monetized Safety and Non-Safety Benefits of All Applications
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Figure 37 displaysthe stacked total confribution of each of the cost elementsto the total cost forall of the
applications. Thisincludesnot only the application specific costs, but also the baseline connected vehicle
infrastructure costs. These include the installation and operationsand maintenance of the RSEs, OBEs, and
telecommunication backhaul. Theinitial installation period of RSEsisclearly demonstrated by the spike in this
cost element from2015through 2020, after which the costslevel outto account forongoing operationsand
management of RSEsand the more levelized installation of OBEswhich are installed at a slowerrate asnew
vehiclesare sold.

The baseline connected vehicle infrastructure isone of the largest cost elementsin the analysisof all
applications. Baselineroad weather specific connected vehicle infrastructure (i.e.,the VDT)doesnot even
appearon the graph since itisso small in comparison to the scale of the other costs. Avery large cost element
is that associated with installationand ongoing operationsand maintenance of environmental sensorson
maintenance vehicles.

Most of the other cost elementsare much smallerandwill be incurred over the entire analytical period. The
cumulative netpresent value of all costsis $45 billion; thiscan be compared to the total cumulative net present
value of benefitswhich $500 billionisyieldinga benefitto cost ratio of 11 to 1. In 2055, the fully deployed CVE
with all road weather connected vehicle applicationswill have an ongoing annual cost of $8.3 billion which
includesthe cost of replacing andintegratingnew and evolving systems.
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Figure 37. Cost Elements of All Applications
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Figure 38 below showsthe net benefits (benefitsminuscosts) that may be realized given the scenario
deployment assumptions. The individual applicationsbenefitscannotbe directly added (some will likely

overlap)and therefore the all applicationsresultsinclude benefitsof all of the applications, exceptVariable
Speed Limitsfor Weather-Responsive Traffic Management in Non-WorkZonesbecause itisexpected that
these benefitswould notbe additive to the Motorist Advisoriesapplication b enefits. All costsare represented

includingincremental Application Costs, Connected Vehicle System Costs, and Road Weather System Costs.
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Figure 38. Net Benefits of All Applications
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Comparison of the Applications

The following chartsdisplay the seven applications (showing subapplicationsforthe variable speed limitsfor
weather responsive traffic managementin workzonesin and non-workzones)on one scale foreach category
so that the safety and non-safety benefitscan be compared. Figure 39 isthe number of crashesavoided for
the life of the analysis. The motorist advisoriesand warningsapplicationhasthe highest number of crashes
avoided at around 4.4 million. The next most significant application on thisgraph isthe variable speed limits
forweatherresponsive traffic management application.

Figure 40 isa comparison of the applications  estimated total number of fatalitiesavoided. The application
ranking will remainthe same foreach of these comparisonsin relative terms; however, the chartprovides
summary informationon the number of livessaved. The motorist advisoriesand warningsapplication could
potentially save more than20,000livesforthe 40-year period. Figure 41 similarly displaysthe number of
injuriesavoided resulting from each of the applications.

Figure 42 isa comparison of the applications' monetized mobility benefits— including travel time savingsfor
passengervehicles, travel time savingsfor freightcarriers, and fuel savings. The information for freight carriers
applicationyieldsby farthe greatest mobility benefits of all of the applications; thisispredominantly due to the
high value of freighttravel time savings.
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Figure 43 isa comparison of the applications' monetized environmental benefits — including GHG and criteria
emission reductionsand the environmental benefits of reducing salt use forroad treatment. The information for
freight carriersapplication yieldsthe highest environm ental benefits, with motorisadvisoriesand warnings
yielding highenvironmental benefitsaswell. Figure 44 isa comparison of theapplications operational cost
savings. The enhanced maintenance decision support system yieldsthe highest operational cost savings
includinglaborand material savings.

Figure 45 isa comparison of the applicationsmonetized safety and non-safety benefitsand costs. In this
graphicifthe barisred than the net present valueisnegative — the costsoutweigh the benefits— and if the bar
is green than the net presentvalue ispositive — the benefitsoutweigh the costs. The light green representsthe
non-safety benefitswhilethe darkgreen representsthe safety benefits. Most of the applicationsearn most of
theirbenefitsfrom safety; while two of the applicationshave higher non-safety than safety benefits. The sum of
the applicationschartin the beginning of thissection also emphasizesthat the safety and non-safety benefits
of the road weatherapplicationswill far outweighthe costsof the CVE, road weatherinfrastructure,and
application specific costs.
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Figure 39. Comparison of Applications’ Estimated Crashes Av oided
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Figure 40. Comparison of Applications’ Estimated Fatalities Avoided
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Figure 41. Comparison of Applications’ Estimated Injuries Avoided
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Figure 42. Comparison of Applications’ Estimated Mobility Benefits
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Figure 43. Comparison of Applications’ Estimated Environmental Benefits
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Figure 44. Comparison of Applications’ Operational Cost Savings Benefits
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Figure 45. Comparison of Applications’ Monetized Benefits and Incremental Costs
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