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ABSTRACT

In 2010, the United States faced $242 billion in economic costs due to motor vehicle
accidents. This includes the costs of over 30,000 fatalities, 4 million injuries, and 24 million
damaged vehicles. If the costs were expanded to include quality-of-life evaluations, the negative
impact of car crashes in the U.S. in 2010 came close to $1 trillion. Year over year, these costs
continue to be faced as total vehicle miles traveled increase and accident rates hold steady.

Today, society is at a pivotal point where new advancements in technology have the
ability to reverse this trend for good. Over the next forty years, there will be a rapid rise in the
development and adoption of self-driving vehicles. This new technology will have implications
across the economy that are not just limited to the loss of driving occupations. One of the less
considered impacts on the economy from autonomous vehicles (AVs) is the reduction in car
accidents. Studies have shown that 93% of accidents stem from human error. As adoption levels
of AVs increase over time, the number of accidents will begin to decline drastically with less
people behind the wheel.

The current legislative and regulatory landscape has become increasingly more in favor
of AVs and should allow for AVs to enter the market by 2020. The next large question that needs
to be answered is should the government support initiatives to increase AV adoption and if so
how. This thesis develops a model to predict AV adoption rates over the next four decades with
and without a federal mandate declaring all new vehicles sold after a certain date must be
autonomous. Forecasts of vehicle miles traveled, average cost per accident, and accident rates are
then applied to estimate how substantially a mandate would reduce total accidents and their

associated costs.
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Chapter 1

Introduction

Modern Vehicles

The United States has had a long history with automobiles dating back to the late 19"
century. Initially, automobiles were considered a luxury good with vehicles by Duryea Motor
Wagon Company, Oldsmobile, and Cadillac predominately being purchased by the wealthy. This
changed in 1908 when Henry Ford introduced the Model T. With Ford’s use of assembly lines
and interchangeable parts, automobiles transformed from a luxury good for the wealthy into an
affordable good accessible to the middle class. From its introduction in 1908 to 1927, over 15
million Model Ts were manufactured and sold. Additionally, many other manufactures® began
entering the market offering a greater selection of affordable automobiles beginning the era of
the modern automobile (Foellmi, Wuergler, & Zweimdiller, 2014).

Undoubtedly, the introduction of automobiles has had a large positive impact on the
American economy. Automobiles freed Americans of their geographical limitations allowing
cities to expand into suburbs and for trade to increase across the country. However, automobiles
have also come at a great cost to both the environment and our safety. This thesis will focus

specifically on the negative impact of automobile accidents.

! General Motors, Chevrolet, Lincoln, Dodge, Mercury, Chrysler



Car Accidents Overtime

It is important to note that although the total economic and societal impact of car
accidents in the United States has been increasing overtime, this is driven by increases in the
total number of miles driven not declines in automobile safety. Over the last 100 years,
developments in car design, government regulation, and infrastructure have allowed for
automobiles to become an increasingly safer mode of transportation.

This increase in automobile safety is best displayed by the fatality rate per hundred
million vehicle miles traveled. The National Highway Traffic Safety Administration (NHTSA)
reports there was 1.18 fatalities per hundred million vehicle miles traveled in 2016. Although
1.18 represents a large number of deaths due to the high number of total miles traveled, this is
down from 24.09 fatalities per hundred million miles traveled experienced in 1921, the first year
NHTSA reports this metric (“Fatality Analysis,” n.d.). If the 1921 fatality rate was experienced
at the 2016 level of miles driven, there would have been over 750 thousand fatalities due to car

accidents.
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Figure 1. Miles Driven and Vehicular Deaths 1921 to 2016 (“Fatality Analysis,” n.d.)



Figure 1 displays how rapidly the use of automobiles increased over time and the
corresponding number of vehicular deaths. This reveals again that increases in total miles driven
do play a role in the number of fatalities; yet, it is clear that increasing safety has to be playing a
large role. Today, the US experiences similar numbers of vehicular deaths seen during the 1930’s

with over ten times the number of miles driven.
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Figure 2. Miles Driven and Fatality Rate 1921 to 2016 (“Fatality Analysis,” n.d.)

Figure 2 displays how substantially the safety of automobiles has increased in this period
of time. This is a result of both advances in vehicular safety design as well as government policy.
Some notable development occurring over this period of time are include headrests, seat belts,
crumple zones, airbags, and an increasing number of federal regulations mandating these features
for new vehicles. It is clear that early safety feature development played a huge role in the

declining fatality rate, but over time new developments have not made as substantial of a
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difference. More recently, the fatality rate has remained relatively stable at around 1.1 fatalities

per hundred million miles traveled.

The plateau in this fatality rate is likely due to what could be considered the systematic
risk of automobiles: humans. A majority of the developments in car safety over the last hundred
years have been aimed at making automobiles better protect their passengers should they be in an
accident. Few improvements on the car side have been catered towards reducing the number of
accidents. The government has created traffic laws to better control this human element of car
accidents, but it is clear that they can only go so far in promoting safe driving behaviors.
Currently the NHTSA estimates that 94% of car accidents are contributed to driver error, the
remaining 6% is comprised of vehicle component failure and weather conditions (“Critical
Reasons for Crashes,” 2015). The clear next step for car safety is to tackle the human error side

of automobiles and this is where autonomous vehicles (AVs) enter.

Current Regulatory Environment

Up until recently, one of the darkest clouds hanging over the future of AVs was the
current United States regulatory environment. The current landscape for AV regulation is highly
fragmented with differences between individual states, the federal government, and regulatory
agencies.

In the absence of federal laws regulating the testing and sale of AVs, 21 states have
passed their own unique AV legislation and nearly all of the remaining states are in the process
of creating their own (“Autonomous Vehicles,” 2018). The large number of unique AV laws in

place has made navigating the legality of AVs incredibly difficult for companies developing the
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technology. Presently, these companies’ cars may be perfectly legal in one state but outlawed in

others. Not only does this hinder the testing of these vehicles but if this is not resolved prior to
the market release of AVs it is possible that AV owners will not be able to drive across state
lines.

Towards the end of 2017, both the House of Representatives and the Senate began
making progress on AV bills. On September 6™, the House of Representatives passed the Safely
Ensuring Lives Future Deployment and Research In Vehicle Evolution (SELF DRIVE) Act
(“Autonomous Vehicles,” 2018). The SELF DRIVE Act’s goal is to encourage further AV
development and provide an initial regulatory environment. The bill blocks states from banning
AVs, exempts a company’s first 100,000 AVs from existing safety standards, and requires AV
manufacturers to develop plans to thwart cyber-attacks (“H.R. 3388.” n.d.). The senate version of
the bill, the American Vision for Safer Transportation Through Advancement of Revolutionary
Technologies (AV START) Act is still in committee but has the same goals as the SELF DRIVE
Act with a few slight differences. The first is that trucks are excluded in the bill, presumably to
simplify the passage of the bill since trucking faces larger political opposition. The second is that
it does not discuss data privacy (McCormick, 2017). This marks the beginning of congress taking
AV seriously and is an indication that AV entrance into the market will be supported.

Lastly, the Department of Transportation and specifically the NHTSA has been
supporting AV development since early 2013. The NHTSA has recently updated its AV
guidelines with its report Automated Driving Systems: A Vision for Safety. The NHTSA sees
AVs as one of the key elements in continuing to meet its mission of “Save lives, prevent injuries,
reduce vehicle-related crashes.” The NHTSA has committed to investing $4 billion over the next

decade to help accelerate the development and adoption of AV (“Autonomous Vehicles,” 2018).



Additionally, in October 2016 the NHTSA, in partnership with the National Safety Council,
launched the Road to Zero initiative whose goal is to eliminate all traffic fatalities by 2050. To
do this, the Road to Zero is relying heavily on the development and adoption of AVs (“Road to

Zero Coalition,” n.d.).

Paper Goals

With the newly optimistic regulatory environment for AV, the future is bright for the
safety of our roads. Due to the previously ambiguous regulatory environment, research on car
accident reduction has been mainly focused on the acceleration or delay of AVs’ introduction in
the market. Now that the market entrance appears to be receiving government support, the next
logical step is to analyze the ways in which the government can increase AV adoption in order to
reduce the impact of car accidents as much as possible. There are many ways in which the
government can do this including subsidies, development grants, and a federal mandate. This
paper will focus specifically on the impact of a government mandate declaring that all cars sold
after a certain date must be autonomous.

To do this, this paper will work towards developing two models of AV adoption: one
with and without a federal mandate. Additionally, this paper will look into the average cost per
car accidents, car accident rates for both non-autonomous and autonomous vehicles, and
projections of future total miles driven. All these variables will be combined together in our
model to calculate the total economic and societal costs for both adoption cases and compare the

two in order to see how substantial of an impact the federal mandate would have.



Chapter 2

Average Costs of Automobile Accidents

Total Cost

The most recent analysis of the economic and societal impact of automobile accidents
published by the NHTSA was released in 2015 on the 2010 United States car accident data. In
this analysis, the NHTSA estimates the economic cost of motor vehicle accidents at $242 billion.
This cost represents the present value of lifetime economic costs that are a result of the 32,999
fatalities, 3.9 million non-fatal injuries, and 24 million damaged vehicles with 2.97 billion miles
driven. This represents a rate of 1.11 fatalities per hundred million miles driven (Blincoe, Miller,
Zaloshnja, & Lawrence, 2015).

A breakdown of the components of the $242 billion in total economic costs calculated is
shown in Figure 3. The figure reveals that the economic costs are more widespread than just
property damage and that many other aspects of the economy are also indirectly affected. An
additional $594 billion in societal costs are contributed to these accidents when quality-of-life
evaluations are considered. This brings the total economic and societal cost of car crashes in
2010 to $836 billion (Blincoe et al., 2015).

A full economic and societal cost analysis has not been conducted for more recent years;
however, both the number of vehicle miles traveled and fatalities have increased to 3.17 trillion
miles and 37,461 fatalities in 2016. This represents a rate of 1.18 fatalities per hundred million

miles driven. The total number of car accidents for 2016 has not been published?, but the total is

2 It takes the NHTSA two to three years to consolidate each states accident data.



expected to increase as it has done in the past with similar increases in total miles driven
(“USDOT Releases,” 2017). These increases indicate that the negative economic impact of car

accidents has increased over the last 7 years.

EMS, 0.4%

Figure 3. Breakdown of 2010 Total Economic Costs of Automobile Accidents
(Blincoe et al., 2015)

Total Number of Accidents

The total costs described in the previous section were based on the total number of police
reported accidents as well as the estimated number of unreported accidents. The crashes were
divided into three categories: fatal, injury, and property-damage-only (PDO). Table 1 shows the
breakdown of each of these categories. Ultimately, the NHTSA determined that the $836 billion
in economic and societal costs to the US in 2010 was a result of 13.6 million car accidents

(Blincoe et al., 2015).



Table 1. 2010 Accident Breakdown (Blincoe et al., 2015)

Police-reported | Not Police-reported Total Percent of Total
Fatal 30,296 0 30,296 0.22%
Injury 1,791,572 1,178,391 2,969,963 21.89%
PDO 4,255,495 6,310,019 10,565,514 77.88%
Total 6,077,363 7,488,410 13,565,773 100%

Average Cost

Naturally, the three categories of car accidents in table 1 vary substantially with the

average cost per accident. Fatal accidents can result in millions of economic and societal losses

while PDO accidents can be as low as a few hundred dollars with injury-only accidents falling

somewhere in between. Intuitively, this means that for modeling purposes it would make sense to

develop three average costs per accident; conversely, though because the percentage of each type

of accident experienced is relatively stable over time?® an average cost for all accidents will be

applicable in the model being developed.

Retrieving the average cost per accident figure is fairly simple; take the total costs and

divide by the number of accidents. In doing so, we get an average economic cost per accident of

around $17,800 and an additional $43,800 in societal costs per accident. The high averages

clearly show that the fatal and injury-only accidents are driving up the total average cost.

3 This will be further substantiated in chapter 4 with recent historical data.
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Future Average Cost

In order to best be able to model the future average cost per car accident, it is worth
looking into how the costs have increased over time. Prior to the release of the NHTSA report
detailing the cost of car accidents in 2010, the last year analyzed was 2000. For the year 2000,
the NHTSA determined there was a total of 16.4 million car accidents whose economic impact
totaled 230.6 million in economic costs (Blincoe, Seay, Zaloshnja, Miller, Romano, Lutcher, &
Spicer, R, 2002). This averages out to a cost of around $14,100 per car accident.

Although the total economic cost of accidents only increased by 5% over the ten-year
period between reports, this was driven by declines in the total number of accidents. The average
economic cost per accident over this period of time increased by 26.5%. This represents a 2.38%
compound annual growth rate. This 2.38% growth will be used to estimate the economic costs in

the model utilizing the formula below.

Average Economic Cost per Accident inYear T = $17,800 x 1.02387-2010

Utilizing the 2.38% growth rate should be conservative for forecasting future economic
costs. This is because the largest economic cost drivers detailed in figure 3 are property damage,
market productivity, and medical costs. Historically, these costs have been growing at above 3%
and it is expected they will continue to do so moving forward.

The report detailing the costs for 2000, did not go as far into societal impacts as the 2010
report and did not provide a total societal cost. As a result of this, we are unable to calculate the
growth rate in societal costs for this period of time. However, the societal impact of car accidents

is mainly driven by the statistical value of a life with the entire amount being lost in the case of
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fatal accidents and partial losses with quality of life impacting injuries. In this model, we will use

the same growth rate as economic costs to be conservative, although the 2010 NHTSA report

assumed a 3% growth. The formula used for societal costs is below.

Average Societal Only Cost per Accident inYear T = $43,800 x 1.02387-2010

For the context of this paper, economic and societal costs represent two unique sets of
costs. Technically, economic costs would be considered a part of societal costs but for this model
we have made the two groups mutually exclusive to better analyze the impact of each. The true

societal cost would be both the economic and societal costs calculated summed together.
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Chapter 3

Autonomous Vehicle Adoption

Market Entrance

Unlike the Model T, autonomous vehicles are unlikely to abruptly enter the market and
transform it overnight. Instead, each year new models of cars will begin to have an increasing
number of autonomous features until eventually the cars will be fully autonomous and are able to
navigate from point A to point B with no driver assistance.

SAE International, a professional association that develops standards for engineering
professionals, defines the five different levels of vehicle automation. These standards have since
been adopted by the Department of Transportation (DoT) and the NHTSA. The five levels are
outlined in Table 2. The levels show that as AVs develop, the role of the driver will move from
fully controlling the vehicle, to monitoring the vehicle, to then giving full control over to the

vehicle.
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Table 2. Levels of Vehicular Automation (Faheem, 2017)

Level Title Description
0 Driver Only Driver is responsible for the vehicle. Controls lateral and
longitudinal movement at all times.
System may provide alerts and warnings when driver fails to
exercise proper control.
1 Driver Driver is responsible for the vehicle. Controls lateral and
Assistance longitudinal movement at all times.
System can support lateral OR longitudinal control.
2 Advanced Driver is responsible for the vehicle. Controls lateral and
Driver longitudinal movement. May hand some control over to the
Assistance system.
Must actively monitor system performance and retake full
control where necessary.
System can control lateral or longitudinal movement in
specific use cases.
3 Advanced Driver is responsible for the vehicle. Controls lateral and
Driver longitudinal movement. Can hand full control to the system.
Assistance Must actively monitor system performance, retaking controls
as necessary.
System can control lateral AND longitudinal movement in
specific use cases. Where system exceeds performance limits,
it will hand control back to the driver.
4 Highly Driver is only responsible, and exercises control when the
Automated system is not in use.
System can control lateral AND longitudinal movement in
specific use cases. It will not require driver intervention during
this time.
5 Fully System can control lateral AND longitudinal movement in all
Automated use cases. Driver intervention is not needed.

Roads today are comprised of a mix of automation levels 0 to 2. Level one features such

as parallel parking, cruise control, and obstruction warning are common on many new vehicles.

Some luxury car manufacturers have begun offering level 2 features such as automated lane

guidance, accident avoidance, and driver fatigue detection. Google and Uber have driven

hundreds of thousands of miles with level 3 and 4 automated vehicles on specifically mapped

routes with human drivers at the wheel to take control if necessary (Litman, 2017). Automobiles
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with automation levels 4 and 5 are already in development by numerous companies including

Audi, BMW, Cadillac, Ford, Google, GM, Mercedes-Benz, Nissan, Toyota, Volkswagen, and
Volvo. Specifically, Nissan and Volvo have announced they intend to have commercially viable
autonomous vehicles by 2020. With prices drops in the years following AVs introduction to the
market, fully AVs may be available to the mass market as early as 2020 to 2025 (Fagnant &

Kockelman, 2015).

Market Penetration

There is an abundance of literature predicting the market penetration of AVs following
their introduction to the market. There are four different types of these predictions. The first
analyzes previous automobile developments and their historical market penetration to
qualitatively predict AV adoption. The second focuses on the benefits of AVs and customers
perceived value through surveys to predict adoption. The third utilizes a more mathematical
approach with diffusion models to show how AVs will penetrate the market. Lastly, the fourth
kind of predictions are from the industry itself from various automobile manufacturers and
financial institutions. These final types of predictions typically do not go in depth on their
projection method but are still valued by investors. This section of the paper will explore the
highest regarded papers in each of these categories and their findings, then will compare and

contrast to ultimately find the most likely prediction.
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Historical Based Predictions

One of the most sited studies on AV adoption is by Todd Litman with the Victoria
Transport Policy Institute. In this study, Litman analyses five previous vehicle technologies and
their adoption over time: automatic transmissions, air bags, hybrid vehicles, subscription vehicle
services, and vehicle navigation systems. These five technologies represent a wide variety of
deployment cycles, cost premiums, and market saturations. The comparison between them
revealed that new technologies take decades to reach their market saturation and, unless the
government mandates a certain feature, few become universal. AVs are the closest to automatic
transmissions with increasing performance and decreasing premiums over time as well as a high
levels of market saturation (Litman, 2017).

Additionally, Litman examined vehicle turnover. Median vehicle operating lives
increased from 11.5 years in 1970 to 16.9 years in 1990. The lives of current vehicles are not yet
known but based on historical increases new cars may have upwards of 20-year lifespans. Long
vehicle lifespans result in it taking three to five decades for new technologies to penetrate 90% of
operating vehicle fleets. Interestingly, AV adoption may be higher in developing countries who
are expanding their fleet size since that is not inhibited by existing cars like they U.S. market
(Litman, 2017).

Table 3. Victoria Transport Policy Institute Predictions (Litman, 2017).

Stage Decade Vehicle Vehicle Vehicle

Sales Fleet Travel
Available with large price premium 2020s 2-5% 1-2% 1-4%
Available with moderate price premium 2030s 20-40% 10-20% 10-30%
Available with minimal price premium 2040s 40-60% 20-40% 30-50%
Standard feature included on most new 2050s 80-100% 40-60% 50-80%
vehicles
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The final predictions are shown in Table 3. Litman believes that fully AVs will be

available and legal to drive in 2020 but will have limited performance and operability as well as
high price premiums resulting in little vehicle sales. Then as performance improves and costs
decline in the coming decades, sales will increase until ultimately AVs reach a high level of
market penetration due to the great number of associated benefits with the technology (Litman,
2017). The inclusion of the vehicle fleet and vehicle travel of AV in these predications will better

allow for an analysis of increased road safety.

Consumer Preference Based Predictions

The study titled “Forecasting Americans’ long-term adoption of connected and
autonomous vehicle technologies” from the University of Texas at Austin conducted an in-depth
survey of consumers’ willingness to pay for individual automation tasks. This survey contained a
variety of questions in regard to the respondents’ vehicle ownership history, vehicle preferences,
and demographics. On top of this, the survey had respondents report their interest in and
willingness to pay for individual pieces of automation technology as well as their aggregated
willingness to pay to add level 3 and 4 automations. The data collected was then able to be used
to run scenarios on AV adoption based on future increases in consumers’ willingness to pay and
the cost reduction in AV technology.

For both level one and two automation technologies, the respondents expressed little
willingness to pay for nearly all of these technologies. Roughly 30-50% of respondents were not
willing to pay anything to add technologies such as electronic stability control, lane centering,

left turn assist, adaptive cruise control, blind-spot monitoring, and emergency automatic
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breaking. For the consumers who did report a willingness to pay, the projected cost of these

technologies in 5 years was greater than the average willingness to pay for all of the technologies
except electronic stability control (Bansal & Kockelman, 2017). If price projections hold steady
and consumers’ willingness to pay remains the same, these results show little adoption of these
technologies over the next five years.

Similar findings held true for level 3 and 4 automations. 55.4% of respondents expressed
not wanting to pay anything for level 3 automation and 59.7% for level 4 automation. The
averages of respondents willing to pay for these technologies were $5,470 and $14,196
respectively (Bansal & Kockelman, 2017). Again, this willingness to pay does not exceed current
AV technology prices and limits adoption in the short run. However, researchers are quick to
point out that the shortfalls in willingness to pay are likely are result of respondent’s inability to
conceive a world in which AVs are abundant and many are likely to have concerns about the
technology’s reliability until more information about AVs enters the public domain. Once
consumers learn of the increased reliability and safety of autonomous vehicles, their willingness
to pay will likely begin to increase as the technology costs begin to decrease (Bansal &
Kockelman, 2017).

The study built out a transaction decision model for AV technologies to estimate over
time each their adoption rates. The researchers inputted eight unique scenarios in to this model
including those with annual increases in willingness to pay ranging from 0 to 10%, annual
technology cost reduction rates of 5 to 10%, and government regulations. These models show
that 98% of the US vehicle fleet will have electronic stability control by 2025 and vehicle
connectivity by 2030 under expected NHTSA regulations. These regulations accelerate these

technologies adoption rates by 15-20 years. Additionally, these models show that with at least a
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10% annual increase in willingness to pay and a 10% annual decrease in prices all level one

technologies will see 90% adoption rates by 2045. For more advanced automation levels the
scenarios forecast a wide range of possibilities. Level four AV adoption in this model ranges
from 24.8% by 2045 if current perceptions and willingness to pay remain the same and
technology cost declines by 5% annually to 87.2% adoption if willingness to pay increases 10%
annually and technology cost declines by 10% annually. Researchers are quick to note that
willingness to pay could go a variety of directions in the future and it is possible that as the
technology becomes proven it could increase by more than 10% a year. Or inversely, a well-
publicized tragedy involving AVs could actually decrease future willingness to pay* (Bansal &

Kockelman, 2017).

Diffusion Model Predictions

Similar to the Victoria Transport Policy Institute’s study, the paper “Market Penetration
Model for Autonomous Vehicles on the Basis of Earlier Technology Adoption Experience” out
of Florida International University seeks to predict AV adoption based on previous technologies’
adoption rates; however, this paper utilizes non-automobile related technologies and a more
mathematical approach in its predictions.

This paper utilizes a generalized Bass diffusion model to predict the cumulative sales of
AVs over time. The rationale behind the use of this model is that new product adoption typically
follows an S-shaped curve where the slope at any given point on the curve is the new

technology’s adoption rate. This makes intuitive sense. New technology adoption typically starts

4 On March 19™, 2018 an Uber AV killed a pedestrian. Initial investigations have revealed the incident was
the pedestrians fault.
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slow due to consumers lack of awareness of the product, but over time as awareness grows

adoption increases until the product begins to reach market saturation and the adoption rate
levels off to near zero. This adoption trend can be seen in figure 4 below where eventually the
noncumulative adoption of a product will peak at a given point in time resulting in a tapering off
of cumulative sales. Bass diffusion models run on the basis that adoption relies strictly on
consumers being influenced by media or word of mouth in their purchasing decision. This means
that the takeoff is a result of increased awareness of a product and its utility, not a decline in
price over time, although that does happen with most products. For that reason, researchers
utilized a generalized model so they could add the parameters of declining AV technology costs

and increases in consumer wealth (Lavasani, Jin, & Du, 2016).

g

Takeoff Peak Saturation

Figure 4. Bass model cumulative and noncumulative adopter curve

(Lavasani et al., 2016)

In order for this study to predict AV market penetration using the Bass model, the
researchers needed to select products with similar adoption patterns. To do this, researchers first
selected the historical sales data of hybrid electric vehicles in the US. Hybrids were selected over

other automobile technologies because hybrids saw relatively slow initial adoption due to
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skeptical users, similar to what is expected of AVs. However, the researchers also recognized

that hybrids did not paint a complete picture of AV adoption since hybrids were not
revolutionary in changing the way consumers interacted with vehicles. For that reason, the
adoption of the internet and cell phones were also included in their model (Lavasani et al., 2016).

Cell phones and the internet specifically were used to estimate the market saturation of
AVs placing it at 75% of US households. This meant that with roughly 115 million US
households the market for AVs would be 87 million vehicles. Researchers also ran on the
assumption that since AVs change the market substantially with possible ride sharing
applications and reducing the demand for multiple vehicle households they did not consider
multiple car households in this calculation (Lavasani et al., 2016).

With market size determined and historical data on the selected products adoption,
researchers were able to buildout a generalized Bass model for AVs. They then were able to
further analyze this model through two sensitivity analyses: one on the market size of AV and
the other on AV technology cost. These sensitivity analyses showed that with a market
introduction of AVs in 2025 it will take roughly 35 years for AVs to reach their market
saturation at any level selected (Lavasani et al., 2016). However, the Bass model developed
appears to have some issues with external variables where large increases in costs appear to not
make substantial impacts on the adoption timeline as well as the lack of consideration behind

different legislative issues.



21
Industry Predictions

Although typical industry reports on AV adoption are not as focused on the methodology

behind the predictions like the previously discussed papers, they often receive just as much

weight when it comes to investment decisions. Table 4 below contains the predictions of several

of these reports gathered in the previously discussed paper “Forecasting Americans’ long-term

adoption of connected and autonomous vehicle technologies.”

Table 4. Industry Reports (Bansal & Kockelman, 2017)

Source

Forecast

Lux Research

92% and 8% of world vehicles to have Level 2 and 3 automation in 2030
Year 2030 revenues from Level 2 plus Level 3 sales: $21B for the U.S. and
$20B for Europe

Nearly 100% of U.S. light-duty vehicles are Level 3 and 4 vehicles by 2030 and

Morgan 2055, respectively

Stanley Cost to add Level 3 automation is forecasted to be $6000 per vehicle by 2030
and $10,000 for Level 4 by 2045

Fehr & Peers 25% of U.S. vehicle fleet to be autonomous by 2035

HIS : .

Automotive Entire global fleet is expected to be to be fully-autonomous by 2050

IDTechEx The number of self-driving capable cars to reach 8.5 million by 2035 in the U.S.
U.S. sales of level 4 AVs will reach about 10% of all new light-vehicle sales by

BCG 2035

Citi GPS Global market for level 4 AVs could reach $40 billion by 2025

ABI Research

50% of all new vehicle sales to be Level 4 AVs by 2032

It is clear from this table that there are a wide variety of industry forecasts out there that

are both very conservative about AV adoption like Boston Consulting Group (BCG) and very

bullish like Morgan Stanley. Ultimately, these estimates must factor in many of the variables

considered in the larger academic studies such as consumer willingness to pay, the current and

future cost of autonomous technology, and government regulations.
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Summary and Consolidated Predictions

Throughout this breakdown of the different types of predictions, a variety of methods
have been used to predict AV adoption resulting in no standard adoption prediction. However,
across all of these reports several important things have remained fixed: AVs will be entering the
market, AV technology is costly but costs will decline over time, consumers are hesitant to adopt
this technology in the short run but eager to adopt in the long run, and the government has the
ability to either accelerate AV adoption or to slow it down.

Out of all the predictions analyzed the Victoria Transport Policy paper continues to have
the most encompassing prediction of AV adoption with both bearish and bullish estimates for
each decade that closely align with the predictions seen in the other studies. For future modeling
purposes, we can assume that there are two possible future cases for AV adoption: one with a
government mandate and the other allowing AV to reach their natural adoption levels. With a
government mandate we can assume that the market saturation of AVs will reach nearly 100%
and without one we can assume the saturation will be near 80% based on other technologies such
as cell phones and the internet. With that assumption made, we can utilize two data points for

each of these cases from the studies and formulate an S-curve for each.

Model Methodology

The standard S-curve equation is represented by equation 1 below. In order to be able to
transform the curve so that we can control for the speed of market adoption and the timing of
growth, two additional parameters must be added: alpha and To, seen in equation 2. Alpha is

responsible for stretching or compressing time and To shifts the timeline of the curve
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(Brandewindere, 2008). It is important to note that f(ti) is the percent of the market saturation

achieved at that point in time not simply the percent of the market captured.

@) I

(2) f(o) =

With our current predictions we have multiple points of both a date and the percent AV
adoption in the market. Taking two of those pairings [converting market captured into percent of
market saturation for f(ti)] for both estimations for with and without a federal mandate, we can
solve for alpha and To such that f(t1) = f1 and f(t2) = f2. By formatting both of these equalities we
can arrive at a solvable pair of linear equations (Brandewindere, 2008). The reformatting is

shown in equations 3 through 6 for just f1, however the process is the same for fa.

3) ft)=fi
M SN
(4) 1 4+ gttty —To) = fl
ey Y
et —To) = —
©) fi
1
©) —a (t,~Ty)=In (G~ 1)
fi

The system of equations to be solved is represented by 7. By solving this system for both

alpha and To, you would arrive at equations 8 and 9 (Brandewindere, 2008).
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Model Outputs

Applying these equations to the predictions gathered throughout the literature review
allows us to create our own AV adoption models. Table 5 contains the two sets of predictions
selected for adoption cases with and without a federal mandate. These numbers have been
revised slightly upwards to reflect market saturation in terms of vehicle miles traveled since
newer vehicles typically are driven more (Litman, 2017). These data points were plugged into
equation 8 then 9 to arrive at the alpha and To values shown. With these values calculated they
could then be plugged into equation 2 to give us the formula for each case’s adoption curve.

Table 5. Adoption Model Cases

Without With
Mandate Mandate

Prediction 1 (t1,f(t1)) (2035, 10%)* (2035, 15%)
Prediction 2 (t2,f(t2)) (2040, 35%)* (2040, 50%)

Market Saturation 80% 100%
Alpha 32 .35
To 2041.96 2040

*percentage of saturation value

Figure 5 plots the outputs of the two models for the years 2020 through 2060.
Interestingly, both models start relatively similar to one another. This is because in the short run
there is little the government is likely to do to further support the development and cost reduction
of autonomous vehicles even in the mandate case. This closely mimics the adoption of both
hybrid and all electric vehicles. The government has supported short term efforts with varying
subsidies but ultimately that has been proven to have had little effect on substantially increasing

adoption. The true difference comes from a federal mandate that all vehicles sold must be self-
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driving after a certain date (Litman, 2017). The mandate model created assumes an

announcement of such mandate would come in the early 2030’s and it would go into effect in the
early 2040’s. The announcement itself should motivate car manufactures to increase
development and begin to enter large scale production of AVs thus boosting AV adoption prior
to the mandate going into effect. Additionally, once the mandate does officially go into effect the
16+ million new car sales per year being entirely autonomous will quickly push AV to a 100%
saturation level. The model without a mandate will likely follow an adoption pattered similar to
what was seen in the Florida International study. Later with the use of these two models and an
understanding of the increased safety of AV, we can begin to see how large of a positive

economic impact that would stem from an aggressive government mandate.
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Figure 5. Adoption Models with and without a Federal Mandate
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Chapter 4

Accident Rates

Introduction

Chapter 1 provided an overview of car safety over the last hundred years as well as a
brief analysis of where car safety falls today. The largest takeaway is that car safety, specifically
fatalities for 100 million vehicular miles traveled, has plateaued over the last three decades.
Additionally, it was shown in a 2010 report that car crashes were responsible for $242 billion in
economic costs and an additional $594 billion in societal costs. When working towards
calculating the decreased economic and societal impact of a federal mandate for autonomous
vehicles, it is necessary to develop a model that utilizes the outputs of each of the adoption
models in calculating the number of car accidents for both. Several variables are needed to do
this: accident rates for both autonomous and non-autonomous vehicles, total vehicle miles driven

for each year, and the average cost per accident.

Accident Rates

The NHTSA focuses a bulk on their reporting on accidents that resulted in fatalities. This
is because across the United States each State has its own unique definitions of what is classified
as an accident and many accidents, especially those with only property damage, go unreported to
both the police and insurance companies. For that reason, researchers typically adjust accident

rates beyond the reported figures. However, the reported figures still are a great baseline when
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trying to determine accident rates. Table 6 shows the breakdown of all police reported accidents

from 2010 to 2015. One of the larger takeaways from this table is that the composition of

accidents has remained fairly stable. Roughly .5-.56% of accidents result in a fatality, 27-29%

result in an injury, and the remaining 70-73% result in only property damage. Another key

takeaway is that the total number of accidents has been increasing relative to the number of total

miles driven. This has led to an increasing accident rate over this six-year period. In 2010, there

was roughly 1.8 accidents for every million miles traveled and by 2016 it had increased to over 2

(National Center for Statistics and Analysis, 2017).

Table 6. 2010-2015 Police Reported Accident Breakdown and Accident Rates
(National Center for Statistics and Analysis, 2017)

Vehicle | Accident
Eatal Injury Property Damage Tptal Miles Rate
Only Accidents | Traveled (per

(Millions) [ million
Year | Number | Percent | Number | Percent | Number [ Percent | Number Total tr;?/:alf:d)
2010 | 30,296 [ 0.56% | 1,542,000 | 28.46% | 3,847,000 | 70.99% | 5,419,000 | 2,967,000 1.83
2011 | 29,867 [ 0.56% | 1,530,000 | 28.66% | 3,778,000 | 70.78% | 5,338,000 | 2,950,000 1.81
2012 | 31,006 [ 0.55% | 1,634,000 | 29.10% | 3,950,000 | 70.35% | 5,615,000 | 2,969,000 1.89
2013 | 30,202 | 0.53% | 1,591,000 | 27.98% | 4,066,000 | 71.50% | 5,687,000 | 2,988,000 1.90
2014 | 30,056 [ 0.50% | 1,648,000 | 27.18% | 4,387,000 | 72.34% | 6,064,000 | 3,026,000 2.00
2015 | 32,166 [ 0.51% | 1,715,000 | 27.24% | 4,548,000 | 72.24% | 6,296,000 | 3,095,000 2.03

The 2010 NHTSA report “Economic and Societal Impact Of Motor Vehicle Crashes”

calculated that approximately 60% of property-damage-only crashes go unreported and 24% of

injury crashes go unreported (Blincoe et al., 2015). Table 7 revises the data in table 6 to include

these estimates of unreported accidents. This not only resulted in substantial changes to the

composition of accidents, but also more than doubled the accident rates.




Table 7. 2010-2015 Revised Accident Breakdown and Accident Rates
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Vehicle | Accident
. Property Damage Miles Rate
Fatal Injury Only Total Traveled (ner

(Millions) [ million

Year | Number | Percent | Number | Percent | Number | Percent | Number Total tr g‘/gfes d)
2010 | 30,296 | 0.26% | 2,028,947 | 17.38% | 9,617,500 | 82.36% | 11,676,743 | 2,967,000 3.94
2011 | 29,867 | 0.26% | 2,013,158 | 17.52% | 9,445,000 | 82.22% | 11,488,025 | 2,950,000 3.89
2012 | 31,006 | 0.26% | 2,150,000 | 17.83% [ 9,875,000 | 81.91% | 12,056,006 | 2,969,000 4.06
2013 | 30,202 | 0.25% | 2,093,421 | 17.04% | 10,165,000 | 82.72% | 12,288,623 | 2,988,000 411
2014 | 30,056 | 0.23% | 2,168,421 | 16.47% | 10,967,500 | 83.30% | 13,165,977 | 3,026,000 4.35
2015 | 32,166 | 0.24% | 2,256,579 | 16.52% | 11,370,000 | 83.24% | 13,658,745 | 3,095,000 4.41

Although official figures have yet to be released it appears as though this trend has

continued since 2015. The current estimate for fatalities in 2017 is 40,200 as reported by the

National Safety Council, a nonprofit organization that works with auto-safety regulators. This

increase is not simply a product of the increase in total miles traveled it is also largely

contributed to more deaths per mile driven. Since this increase is relatively recent, there are a

lack of studies on the driving forces behind it. However, data suggests a large component is

increases in distracted driving. Hands free options in cars have failed to pull drivers away from

utilizing social media sites and other applications that require they take their eyes off the road.

This increase in distracted driving is also coupled with declines in police enforcement of speed

limits, raising speed limits, and lax seatbelt laws/enforcement (Boudette, 2017).

To remain conservative for modeling purposes, | am going to utilize an average of the six

revised accident rates which comes to 4.13 accidents per million miles driven. At this point in

time, it is too early to determine if this trend will continue. Increased police enforcement and

penalties or increases in non-autonomous technology may assist in bringing this rate back down

or inversely increases to driver distractions may result in a higher rate.
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Vehicular Human Error

The rising accident rates began to hint at how substantial human error is when it comes to
car accidents. The foundational study on driver error titled “Tri-level study of the causes of
traffic accidents” was commissioned by the Department of Transportation and carried out by the
Institute for Research in Public Safety at Indiana University. Although released in 1979, this
paper is still one of the most heavily cited sources when it comes to human error. The component
of the study specifically focused on human error, dispatched teams of investigators directly to car
crash scenes to interview the drivers involved as well as analyze the scene for any indications of
human, vehicle, and environmental causes. In later stages of the study, researchers went as far as
to test drivers vision and knowledge and later tow and analyze the vehicles in their own facilities.
Furthermore, researchers used surveys and government reports to collect additional crash data to
analyze. When investigating the accidents researchers sought to identify two types of factors
causal and severity-increasing (Joscelyn & Treat, 1979). The exact definitions are given below.

e Causal Factors — a factor necessary or sufficient for the occurrence of the accident; had
the factor not been present in the accident sequence, the accident would not have
occurred.

e Severity-Increasing Factor — a factor which was neither necessary nor sufficient for the
accident’s occurrence, but removal of which from the accident sequence would have
lessened the speed of the impact which resulted (Joscelyn & Treat, 1979).

Through this analysis researchers found that in at least 70% of accidents human error or
deficiencies were the direct cause and in 92 to 95% of accidents humans were the probable

causes. The remaining portion of accidents was contributed to environmental causes and vehicle
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failure (Joscelyn & Treat, 1979). Although, common knowledge today this study was

instrumental in revealing the faults of driver error.

More recently in 2008 the NHTSA conducted a similar study of crash causation. In this
study, the NHTSA had teams positioned in select areas of the US to respond to car accidents to
collect data prior to it being cleared. Over a two-and-a-half-year period they developed a sample
of 5,471 crashes believed to be nationally representative. For each of the crashes, both the critical
event that caused the accident and the critical reason for that event were documented. For 93% of
the 5,471 crashes, the critical reason for critical pre-crash event was attributed to drivers (Singh,
2015). Table 8 shows which specific human contributed error to these specific instances. The
NHTSA still relies heavily on this study to estimate the causes behind car crashes today.

In the context of exploring AVs’ safety, this human error component is encouraging
because presumably, since an AV would require no driver actions, it would not make these
mistakes. Naturally, AVs may have their own sort of software and hardware failings that make
up for some portion of increase safety in this area but presumably this large percentage leaves

room for AV to be substantially safer.



31

Table 8. Critical Reason for Critical Pre-Crash Event Contributed to Drivers

(“National Motor Vehicle,” 2008)

Critical Reason for Pre-Crash Event N(L;m 2Ol Percentage
rashes
Inadequate surveillance 1,080 21.19%
Internal distraction 482 9.46%
Recognition | External distraction 229 4.49%
Error Inattention 194 3.81%
Other/unknown recognition error 109 2.14%
Subtotal 2,094 41.09%
Too fast for conditions 348 6.83%
Too fast for curve 181 3.55%
False assumption of other's action 260 5.10%
.. Illegal maneuver 232 4.55%
Decision — :
Error Misjudgment of gap or other's speed 212 4.16%
Following too closely 85 1.67%
Aggressive driving behavior 99 1.94%
Other/unknown decision error 335 6.57%
Subtotal 1,752 34.38%
Overcompensation 211 4.14%
Performance Poor directional control 249 4.89%
Error Other/unknown performance error 30 0.59%
Panic/freezing 20 0.39%
Subtotal 510 10.01%
Sleep, actually asleep 160 3.14%
I[:leor?(-)rmance Heart attack or other physical impairment 133 2.61%
e Other/unknown critical nonperformance 76 1.49%
Subtotal 369 7.24%
Other/unknown driver error 371 7.28%
Total 5,096 100.00%

Autonomous Vehicle Error

Federal regulations are likely to prevent mass market autonomous vehicles from being

introduced until they are safer than human driven vehicles. This means that off the bat the crash

rate of AV will be below the 4.13 average crash rate per million miles we are using for human

driven vehicles. In addition, to the AV crash rate being lower, it is likely to improve over time
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with advances in autonomous software and hardware on new vehicles and the peer effects of

having more AV on the road.

Current AVs show great promise in the area of offering increased vehicle safety. In
partnership with Google, the Virginia Tech Transportation Institute completed a study comparing
crash rates of vehicles today and Google’s AV data. In this study, the researchers explored the
accidents that occurred with Google’s self-driving vehicles over the 1.3 million miles of driving
completed in autonomous mode. Over the 1.3 million miles of driving, Google’s vehicles
experienced a raw crash rate of 8.7 accidents per million miles driven. This figure is higher than
the nationally experienced crash rate; but, Google must report all incidents with their AVs unlike
real car crash data and the composition of miles driven in Google’s AVs does not match US
averages. Researchers took Google’s data and properly weighted it for crash severity and
composition of miles driven and found that the true accident rate for Google’s AV's would be 3.2
accidents per million miles driven (Blanco, Atwood, Russell, Trimble, McClafferty, & Perez,
2016). This figure is below both the 4.2 accidents per million miles driven crash rate for vehicles
today calculated by the researchers and the 4.13 rate calculated in this paper. This again confirms
that AVs will be in a developmental position to enter the market by 2020 and that they will offer
increased safety.

There are two issues with utilizing just the Virginia Tech study when estimating the
increased safety of AV. The first is that it used a limited sample size of miles driven. When it
comes to today’s crash rate of over 4 accidents per million miles traveled it is backed by
observations over trillions of miles whereas the Google AV rate is backed by just over 1 million
miles. Secondly, the Virginia Tech study utilized data from Google’s self-driving car project

from 2015. Although 2015 is fairly recent, the five-year spread from the collection of this data
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and the introduction of AV in the market represents a substantial amount of time for further

development in AV safety. For these reasons, it is important to also factor in more theoretical
predications of expected AV safety.

In 2014, the Casualty Actuarial Society Automated Vehicles Task Force analyzed the
previously discussed NHTSA crash causation report. The goal of the report was to reanalyze the
data in the context of AV to affirm or deny whether AV have the ability to prevent the 93% of
accidents caused by human error. Researchers looked into each of the 5,471 crashes to determine
if autonomous technology could have prevented them. In doing so, researchers “found that 49%
of accidents contain at least one limiting factor that could disable the technology or reduce its
effectiveness (“Restating the National Highway,” 2014).” Inversely this means that the
researchers believe that AV's would be at least 51% as dangerous as vehicles today. It is also
important to note that the 49% of cases identified had limiting factors that could disable or
reduce the technology’s effective not necessarily would have. This means that AV are likely
even less dangerous than the 51% effectiveness. In addition to this, the Casualty Actuarial
Society conducted this study in 2014 where their vision for AV's was a car that could be both be
human driven as well as self-driven. As a result, there were more cases in which passengers in
the vehicle could have accidentally caused accidents by disabling the AV technologies. Under
today’s impression that a bulk of future ATVs will not provide typical human driven options it is
likely the 49% figure would be lower.

Lastly, researchers from the University of Utah and University of Texas at Austin
aggregated various AV safety predictions in their paper “Preparing a nation for autonomous
vehicles: opportunities, barriers and policy recommendations.” This paper explored a variety of

different safety implications of AV including similar issues with human error as discussed



34
previously. However, the paper was also quick to point out situations in which human drivers

may act more appropriately than AVs. For example, a human driver would be able to react
differently if a cardboard box or boulder suddenly rolled in front of their car as they were driving
down the highway, whereas an AV would struggle to identify the objects composition and thus
treat both as the same. This means where a human driver may drive safely through a cardboard
box an AV might make a dangerous deceleration. On top of these current limitations of AVs, the
paper also discusses the predictability of other drivers. The more AVs on the road, the more
likely an AV will be able to predict the behavior of the vehicles around it. With few AVs on the
road initially, the technology will be less likely to predict drivers behaviors and as a result will be
less safe than they will be with higher adoption rates. Lastly, is evolving technology. AV's will
have the ability to improve overtime. This can happen as advancements in both autonomous
software and hardware occur. New AVs will have the benefit of newer and more accurate
sensors and cameras, while older AVs still have the ability to perform better via software
updates. For these reasons, the paper predicted that at a 10% adoption rate AV's will be 50%
safer and at a 90% adoption rate AVs will be 90% safer (Fagnant & Kockelman, 2015).

This last prediction by Fagnant and Kockelman, appears to be the most encompassing of
the three papers explored. The predication is not overly ambitious with early AV safety, but also
demonstrates a more current view of AVs with its long-term predictions. For these reasons, it
would be best to use their prediction in our model. The prediction is simplified into three
formulas shown in table 9. These formulas assume that increases in AV peer effects as well as
technological advancements will be linear for simplicity. Additionally, we are assuming there are

no further safety gains after 90% adoption in order to be conservative.
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Table 9. AV Crash Rate Reduction Formulas

Condition Formula for % Crash Rate Reduction
AV adoption is less than 10% =5 (AV Adoption %)
AV adoption greater than 10% and less than 90% =50% (AV Adoption %) + 45%
AV adoption greater than 90% =90%

The outputs of the previously calculated AV adoption models can be inputted into these
formulas to determine how much safer AVs are compared to human driven vehicles for each
year. We can then multiply our human driven accident rate by (1-% Crash Rate Reduction) to get

the yearly AV accident rates.
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Chapter 5

Projected Vehicle Miles Driven

Introduction

The last remaining component of the model needed is the forecasted vehicular miles
traveled (VMT) over our adoption model’s timeframe. Since the accident rates are based on total
miles driven in the U.S., the projected VMT can be divided based on AV adoption rates and then
divided by the respective crash rates for autonomous and non-autonomous vehicles to get the
total number of crashes. To best be able to predict how many miles will be driven in the U.S.
over the next 50 years, it is beneficial to look at both the historical growth of miles driven as well

as the factors that may impact future growth.

Historical Growth

Figure 6 graphs the total annual VMT in the U.S. since 1970 as reported by the US
Federal Highway Administration. Over the 48-year period shown, the total VMT has increased
by 186%. The linear trend line reveals that the growth experienced year over year has been fairly
consistent with minor deviations above the line in periods of high economic growth and
deviations below the line during economic recessions. Most recently during the 2007/08
financial crisis we saw declines in the total VMT that have just recently rebounded above the
levels experienced prior. Although, slight deviations away from a linear growth occurred over
the period of time shown, a compound annual growth rate of 2.22% represents the trend seen

fairly consistently.
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Figure 6. Total US Vehicular Miles Traveled (U.S. Federal Highway
Administration, 2018)

Although the 2.22% annual growth has been experienced fairly consistently over the
entire period, the way in which the VMT has grown since the initial declines in 2007/08 paint a
different story of what the future growth may be. In 2011, the declines in total VMT bottomed
out and since the total VMT has been increasing on average by 1.44% annually. This average is
also skewed by 2.04% and 2.95% increases experienced in 2014 and 2015 respectively. The
growth for 2016 and 2017 was closer to 1.2%. As a result of the growth not returning to the
typical yearly average, it is worthwhile to look for something better to base future projections off

of.



Government Predictions

38

The Federal Highway Administration (FHWA) released its most recent outlook of total

VMT in May 2017. This report focused on forecasting VMT through 2045 based on the

economic outlook of the United States. To do this the FHWA relied on a report by Information

Handling Services (HIS), a company that provides information and analysis to allow

governments and companies make better decisions.

The FHWA specifically focused on five economic and demographic indicators: U.S.

population, GDP, real goods component of GDP, disposable income per capita, and gasoline

price per gallon. Table 10 displays both the historical growth across these five indicators as well
as the IHS’s forecasts. The first four listed in the table have lower forecasted growth rates than
have been experienced in the past all of which would likely result in less growth in VMT. The
last factor of gasoline price increasing at a lower rate would have a slight impact on increasing
miles traveled; however, the decline is minimal and the impact is lessened due to the rise of
alternative fuel sources and higher miles per gallon.

Table 10. IHS Long-Term Economic Forecasts (U.S. Federal Highway

Administration, 2017)

) ) ) Historical Growth Forecast Growth
Demographic and Economic Indicators
Rate (1966 to 2015) | Rate (2015 to 2045)

U.S. Population 1.01% 0.63%
GDP (Real 2009%) 2.80% 2.06%
Real Goods Component of GDP (Real 2009%) 3.21% 2.89%
Disposable Personal Income per Capita (Real 2009%) 1.97% 1.67%
Gasoline Price per Gallon (Real 2009%) 0.65% 0.63%
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In the forecast report, the FHWA does not elaborate on its exact process of analyzing and

weighing the above five variables to achieve their forecasted VMT but their forecasts do align
with the trend of less growth. From 2015 to 2045 the compound annual growth rate of VMT is
forecasted to be 0.78%. They also generated pessimistic and optimistic forecasts that are 0.66%
and 0.89% respectively.

The RAND Corporation pointed out in their paper, “The Enemy of Good: Estimating the
Cost of Waiting for Nearly Perfect Automated Vehicles,” that there is a lot of uncertainty
surrounding VMT forecasts. Specifically, they discussed how substantially the FHWA’s
forecasts changed from 2016 to 2017. In 2016, the FHWA’s 30-year forecasts ranged from
0.53% to 0.65% meaning that the upper bound in their 2016 forecast was lower than the lower
bound in the 2017 forecast. Additionally, the researchers looked at the Energy Information
Administration’s forecasts that go to 2050 and found similar levels of variation with their
estimates over the last decade ranging from 0.7% to 1.8% annual VMT increases (Kalra &

Groves, 2017).

Final Predication

When determining which compound annual growth rate to use for our model there are
two issues with the current forecasts. The first issue is the uncertainty surrounding the current
projections, to get around this we will utilize three growth cases: base, bear, and bull. This will
allow us to have a range of possible impact with greater certainty rather than a singular estimate.
The second issue is that the current forecasts at the furthest forecast the growth to 2050. In order

to best represent the impact of a federal mandate, our model needs to go out to a minimum of
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2060 since that is when the adoption rates begin to approach their saturation levels. To do this we

could either revise down the entire growth rate down by the impact of the additional 15 years or
we could select a new growth rate to apply following 2045. Both methods would arrive at the
same 2060 figure but the latter method would lead to more accurate car crash figures for the
earlier years.

Table 11. Vehicle Miles Traveled Compound Annual Growth Cases

Time Period Bear Base Bull
2020 to 2045 0.53% 0.70% 0.89%
2045 to 2060 0.20% 0.30% 0.40%

Table 11 shows the three cases generated for the model. They are based on the 2016 and
2017 FHWA forecasts. The bear estimate contains the lowest estimate from the two reports, the
base estimate is the average of the two years base forecasts, and the bull is the highest estimate
of the two reports. The growth rates for 2045 and beyond were selected based on where the
Energy Information Administration’s expectations of the growth rate fall with the bull
representing the full estimate and the base being revised down by 25% and the bear being revised

down by 50%.
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Chapters 2 through 5 focused on gathering the necessary inputs to calculate the future

economic and societal costs of car accidents. Figure 7 shows how each of these variables flow

together in order to calculate the present value of the economic and societal costs associated with

a given year’s car accidents.

Vehicular Miles
Traveled (Year)

O

AV Adoption AV Non-AV 1 - AV Adoption
Rate (Year) Miles Driven Miles Driven Rate (Year)
AV AV Non-AV Non-AV
Accident Rate Accidents Accidents Accident Rate
A \/
Non-AV Total # of
Accident Rate Accidents

O

Avg. Econ. Cost

Total
Economic Cost

Total
Societal Cost

Avg. Societal Cost
per Accident (Year)

per AFcident (Year)
|

Discount Rate

Present Value
Economic Cost

Present Value
Societal Cost

Discount Rate

Figure 7. Model Inputs and Outputs (yearly)
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Model Steps:

1. For each year in the period of 2020 to 2060, take the projected VMT and divide it into

miles driven by AVs and miles driven by non-AVs using each years AV adoption rate.

2. Multiply miles driven by AVs and non-AVs by the corresponding accident rates for

each.
a. The AV accident rate for each year is calculated utilizing the year’s AV adoption
rate (see chapter 4).

3. Sum total accidents by AVs and non-AVs.

4. Multiply each year’s total accidents by the forecasted average economic and societal cost
per accident for that year.

5. Discount the costs back to the current year.

6. Sum all costs for the years 2020-2060.

7. Complete this process with the AV adoption models with and without a federal mandate
for all three VMT cases.
8. Calculate difference between the outputs to determine the effectiveness of the mandate

in reducing total accidents and costs.

Discount Rate

For this analysis, a yearly discount rate of 3% was used. Although this rate may seem low
compared to the higher market return rates often used in a business context, it is actually

conservative compared to the current federal discounting guidelines.
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Since 1992, the Office of Management and Budget within the Executive Office of the

President has issued yearly updates to its original report “Guidelines and Discount Rates for
Benefit-Cost Analysis of Federal Programs.” These yearly updates include the discount rates that
should be used when conducting cost-benefit and economic analyses. The discount rates are
modeled off of the nominal interest rates of treasury notes and bonds for each maturity. Since
this model exceeds 30 years, we would use the 30-year treasury rate which for 2018 is 2.6%
(Office of Management and Budget, 2018).

To be both conservative and to mimic the discount rates in the NHTSA report “The
economic impact of motor vehicle crashes” which the economic and social costs are modeled

after, a 3% rate was selected for this model.

Model Outputs

The model was run for all three VMT forecasts with and without a federal AV mandate.
A summary of the aggregate outputs for each case is in shown in table 12. The full models with
yearly outputs are included in appendixes A through F.

From all of the model outputs, it is clear that a federal mandate would have a substantial
impact on reducing the total number of car accidents as well as economic and societal costs.
Specifically, a federal AV mandate could reduce the total number of car accidents over the 40-
year period by 90 to 100 million. If the percentage of accidents that result in fatalities holds at
0.25%, this reduction could save 225,000 to 250,000 lives. The total economic cost of car

accidents could be reduced by $1.6 to 1.8 trillion. The additional societal cost could be upwards
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of $3.9 to 4.4 trillion. In our most likely base case, all together the mandate would result in $5.9

trillion in total cost reductions.

Table 12. Key Model Outputs (all numbers in millions)

Without Mandate

Total Accidents PV Economic Costs PV Societal Costs Total Costs

Bear 429.43 $8,287,333 $20,392,426 $28,679,759

Base 443.12 $8,542,748 $21,020,918 $29,563,666

Bull 458.97 $8,838,244 $21,748,038 $30,586,282

With Mandate
VMT Bear 338.64 $6,664,826 $16,399,964 $23,064,790
Cases Base 347.67 $6,837,441 $16,824,715 $23,662,156
Bull 358.08 $7,036,432 $17,314,366 $24,350,798
Difference

Bear 90.79 $1,622,507 $3,992,461 $5,614,969

Base 95.45 $1,705,307 $4,196,204 $5,901,510

Bull 100.89 $1,801,812 $4,433,672 $6,235,484

The model outputs paint a positive picture of what an AV mandate could do for the U.S.;

however, the model has its limitations and an AV mandate may come with other unexplored

costs that are worth considering.

Model Limitations

Similar to any model that attempts to calculate the benefit of a complex decision, the

quality of the outputs from this model are contingent upon the quality of its inputs. Currently, the

model utilizes the most current data and studies available to make the best prediction of what

these variables will be; yet, ultimately these are simply best guesses on what these inputs will be

and they could change substantially over time. Table 13 briefly discusses the limitations of each

inputs’ current assumptions. The key takeaway of the table is that none of the inputs are certain
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and should be adjusted to receive more accurate model outputs as we move closer to complete

information.
Table 13. Model Input Limitations
Input Limitation
As discussed, there is currently a large variety in yearly forecasts. Large
changes in projected population or GDP growth could change the rates
Vehicle Miles substantially. Additional large-scale transportation or infrastructure

Traveled (VMT)

projects could have similar impacts.

Also, forecasts do not explore increased miles traveled as a result of AV
technology (i.e. someone living further from work because they can now
be productive during their commute).

AV Adoption
Rate

The developed AV adoption models used are contingent upon the
government continuing to provide support for AVs as well as car
companies meeting the development timelines currently announced.
Either of these things could change over the next few years.
Additionally, we assumed miles driven is split evenly by AV adoption
rate. It is possible, especially in later years, that AV represent an even
greater percentage of miles driven. Inversely, in earlier years the same
could be said about non-AVs.

Federal Mandate

Model assumes mandate is announced in 2030 and goes into effect in
early 2040’s. This could be adjusted to explore the effectiveness of
different timing.

AV Accident Rate

Model makes best assumption under limited AV data today was well as
studies on human error. As increasing amounts of AV accident data is
made available, the model’s crash rates can be made more accurate.

Non-AV Accident

Model assumes rate will hold stable at average of recent years. Increases
or decreases could be seen with new technology, police enforcement,

Rate traffic laws, and driver distraction.
Assumes that costs will continue to grow at rate seen from 2000-2010.
A Costs include property damage, healthcare, lost productivity, etc. all
verage ! - )
; . factors that could see increasing or decreasing growth.
Economic/Societal .. ’ . .
Costs Additionally, the model assumes AVs get in same ratio of crash severity

as non-AVs today. If AVs end up getting into less fatal accidents as cars
today, the model would need to revise down average costs to match this.

Discount Rate

Model uses rate similar to government requirement. Rates have been
declining in recent years due to low yields on treasuries. The rate could
continue to decline or increase if economy picks up.
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Next Steps

The goal of this paper was to evaluate the use of a Federal mandate for AVs in reducing
both the economic and societal costs of car accidents. In doing so, the model developed has
predicted that that a federal mandate can help reduce these costs by trillions of dollars over four
decades while saving hundreds of thousands of lives. This output is extremely encouraging in
showing how positive a mandate may be for the safety of our roads.

Nevertheless, it is important for these cost savings to be weighed against some of the
costs associated with AVs. Specifically, it would be worthwhile to look into the impact of the
adopted acceleration of AVs on job loss. There have been estimates that AVs have the ability to
impact upwards of 10% of U.S. jobs. With a federal mandate both increasing the adoption
timeline and market saturation levels of AVs, it would reduce the amount of time and increase
how substantially the economy has to adapt. The way in which the economy responds to such a
fast and substantial change could possibly result in a greater negative impact than the reduction
in car accidents and for that reason is a critical factor that must be explored before a
recommendation for a AV mandate can be made.

In addition to further analysis of the negative effects of such a policy, the U.S. is at least
2 years out from AVs being introduced to the market and decades away from a possible mandate.
This leaves a large amount of time to further refine the model and its inputs to best forecast the

savings from a mandate.



Appendix A

Full Model: VMT Base Case with AV Mandate
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\n;;::k AV Non-AY AV Miles Non-AY Crash | AV Crash Rate Nom-AY AV Total Average Average ) . ,
Year Adoptio Miles Rate (per million | (per million Economic Cost Societal Cost Economic Cost | PV Economic Cost Societal Cost PV Societal Cost Total PV Costs
Traveled Driven Accidents Accidents Accidents
n Driven miles) miles ) per Accident per Accident
{Millions)
2020( 3276369 | 0.10% | 3.273.194 3,174 413 4.11 13,318,292 13.047 13,331,339 522520 §55.415 $304,727,763 367 5287.233,143.149 | 5749.833,732.330 §706,792,093 816 5994,027,236,963
2021 3299303 % | 3.294.783 4,320 4.13 4.10 13,607,453 18,542 13.625.994 $23.056 $36,734 5314.162.6 79 | S287.503,348.830 | $773.051.967.882 5 452,000,654 §994,955.409.504
2022 [ 3322398 3,315,962 6,436 413 409 13694923 26,324 13,721 248 $23.605 $55.0584 §323 B8R 184 230 S287.770.456.667 §790.953 284 80O §708.109,325 955 §995.879.782.622
2023 3343633 3,336,493 9.162 4.13 4.07 13,779,718 37320 13, 037 524,167 $39.466 $333.911.643,748 S288.033,118.830 | 5821.647.737.514 5708,760,573.301 5996,793,692,131
2024 [ 3369075 3,356,038 13.037 4.13 4.05 13.860.436 52,801 13,913,237 §24.742 860,882 §344 238,886,950 | 5288204648 384 | SB47.059.733.130 §709,399,190.967 §997.693,839.351
2025 [ 3392658 3374115 18,543 413 402 13,935 096 74 489 14, (M9 586 $25331 $62.331 5354 872355 214 5288543 699 635 5873225 233 615 710,012,124 943 §998.555,724 578
2026 [ 3416407 3.390.050 4.13 397 14,000,908 104,654 14,105,361 §23,934 863,814 $363,807.309.449 | S288. 771668038 $900,132,592.913 §710,572,980,953 5999.344.649.011
2027 3440322 09% 3.402.894 4.13 391 146, 169 14,200,120 826,551 865,333 $288,957,602 287 §927,733,535. 160 030,504,503 §999,988,106,789
2028 | 34064404 1.53% | 3.411.323 413 202429 14,291,194 ] 566,888 5388.472,932 463 5289.000,343,149 | §933,903,3035,728 283321210 | S1.000.343 666,359
2029 3488.633 % | 3413513 4.13 276,914 14,374,723 368,480 $400.043,169.313 $288,999.697.071 §984,373,888 540 134086052 | SLOOD. 133,783,124
2030 [ 3515075 3 406,970 413 72021 14442 831 ST 09 S411.504 741 951 S2E8.621. 146,608 | S1.012.579084.127 | §710.202.596.711 S998 823,743 319
2031 33537.667 3.388.386 413 13,994,036 456,449 14,450,454 §71,778 $422,396,901.219 | 5287.631,735,894 | 51.039,381,138,954 | §707,767,979.334 $993,399,715,228
2032 3562431 3353412 4.13 13,849,633 609,983 14.459.616 $73.486 $431.826,724 842 $283 488,336,821 | §1.062,384.8062,25] | §702.493.772.627 $987.982,109 448
2033 [ 3587308 5. 10 3.296.685 413 13615310 714,152 14329 441 §75.235 5438124 1195 529 S281.215,185.158 | S1.078.080.639.560 | 5691978 938 759 §973.194.123 917
2034 | 3612479 | 11.09% | 3.211.834 4.13 13.264.874 §18.309 14,083,184 5440842901309 | 5274718721 486 | 51.084.770.734.682 | 5675993258 487 5930,711,979.973
2035 | 3.637.766 | 15.00% | 3.092.100 4.13 12,770,379 1.070.458 13,840,837 $443 568,298 472 5208.366,115.431 | §1.091.477.049.049 | $660.361.564,937 §928,727.680.367
2036 [ 3663231 % | 2931397 413 12,106,669 1,360 448 13467118 5441 863 285 141 5259 548 110,996 | S1.087 281,566,808 | S638.663.329 304 SROR. 211,440,299
2037 3688873 2,726,063 4.13 11.258.650 1,668,092 12,926,742 §434,227.633.697 §247.633,963 358 | §1.068.492,765.838 | $609.346,494,107 5836,980.457 463
2038 2477036 4.13 10,230,158 1,959,815 12,189,973 §419.224,126.471 §232,114,234 397 | §1.031,573,974,127 | §571,157498,123 §803,271,732,521
2039 2,191,563 413 9.051.163 2.194.073 11,245,236 §393,938,029304 | 5212836200957 §974.274 476,603 §323,720,539 433 5736,356,740,392
2040 1,883,442 4.13 7 14 2,333,584 10,112,198 $364,518,298 552 §190.239.366.449 | §896.960,737.111 $468,117,092,722 5638,336,439,171
2041 1.570.897 413 0487 805 2359423 §.847.229 §320.509,734 462 5165439 788 234 S803 434 165 698 5407093 411,497 §572.533,199.730
2042 66.68% | 1.272.680 413 5.256,167 2278442 7.534.609 5284683091 489 | 5140.046,200,736 | $700.517.247,597 5344,608,066,951 5484.634,267,717
2043 [ 3846543 | 73.90% | 1.003.960 4.13 4,146,356 2,119,063 6,265,421 §242 364,703 463 §113,754,732.166 | §596,380,362.454 $284,834.678.027 5400.589.410,194
2044 [ 3873409 | BOLO2% | T73 B35 3099634 413 3.195 938 1,918 804 5114742 5202561992 630 §93.920.927 965 5498 439 060,530 5231123564 317 §325.050.492 282
2045 3,900,383 583,087 [ 3313496 4.13 2416411 1,711,625 4,128,036 A §99.771 §73,330.781.974 5411.857 462,018 S185.413,721.936 5260,764,503,910
2046 [ 3912283 433805 | 3478389 4.13 1,791,988 1.514.910 3,306,898 841,511 $102,145 5 $39.998 864,596 §337.784.278.181 §147.637.653.379 §207.636,320,176
2047 [ 3924022 317,961 3,606,060 413 1313180 1,489 303 2,802,483 §42 499 514,570 S119.102,979 333 §50.540.916.01% §293 073 623 303 5124364725 935 §174.905,641,954
2048 [ 3935794 230,914 | 3,704,880 4.13 933.674 1.530.115 2,483,789 843511 $107.063 S108.071.083.776 §44.523 836,426 $263,927,727,922 §109,558,702,892
2049 [ 3947601 166579 [ 3.781.022 4.13 687970 1,561,562 2,249,532 §44.546 $109.613 §100.21 32,491 540,081 884,839 §246,579.069,837 598,628 458 200
2050 3959444 119,581 3,839,863 413 493 568 1,585 864 2.079.731 §45 606 5112222 594 548 877,103 536,833 331 625 §233 392 180,736 590,634,827 258
2051 3971322 83,538 3,883,784 4.13 333271 1,604,829 1,938,100 $46,692 $114.893 §91.427, 106,545 §34.470.418.831 §224,972 318,353 $84.820.468,808 §119.290,887.639
2052 [ 3983230 61,030 3.922 200 413 252 054 1019871 1.B71.925 $47.803 S117.628 S8 453 670 245 §32.755 041,105 §220.190.154 850 S80.599 453 167 5113354524272
2053 | 3.995.186 43,464 3,951,721 413 179,508 1.632.061 1,811,569 548,941 5120427 588.639.506.330 531.508.116.67% 5218,162,156,517 577.531.208 436 5109.039,325,133
2054 4007171 30914 3,976,257 4.13 127,675 1.642.194 1,769,870 $30,106 $123.293 $88.680,223.877 $30.597.532.699 $218.213,133,158 §73.290.607,203 5105,888,159.901
2055 [ 4009193 21,967 3997220 413 a0.725 1,050,854 1.741.579 $51.298 $126.225 §89.339 557 BRI §29.927 227 485 §219.835.541.302 §73.641.155271 §103.508,382.755
2056 | 4.031.250 15,399 4,013,651 4.13 64,423 1,638 464 §32,319 5129232 590.484.283. 156 $29.427.835.261 §232,652,337.204 5101.840.218,208
2057 4043344 11,072 4032272 4.13 43,728 1,663,328 §33,769 $132.308 $92.001,580,975 $29.049 825 430 $226,383.912,733 57 5100.531,980,140
2058 [ 4055474 7,856 4047 618 413 32447 1,671,666 $35.049 5135457 593 808, 969 854 528,757 781 435 §230.833 307 842 §70,763,529 597 §99.521 311,052
2059 | 4.067.641 3373 4,062,068 4.13 23,017 1.677.634 1,700,631 $36,339 S138.680 §93,846,520,725 §28,526.608,342 §233,847.056.614 570.194.687,943 §98,721,296,283
2060 [ 4079544 3,953 4,075,891 4.13 16,325 1,683,343 1,699,668 857,700 5141.981 §98.070,957,003 §28,338.507.636 §241,320,669 450 §69.731.833,395 §98.070,341.031
298,556,181 49.115411 347,671,591 - - S510,851,987.805,793 | $6,837.441,065.117 | $26,703,205,949.085 | 516.824,714.531,019 | 523.662,155.596. 136
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Appendix B

Full Model: VMT Base Case without AV Mandate

Note: Since the non-AV crash rate, average economic cost per accident, and average
societal cost per accident columns are the same for all models to conserve space they are not

shown. Refer to appendix A to see figures used.

Vehicle Non-AY AY Crash
o] & e |GV || R | et £ W Economic Cost PV Economic Cost Societal Cost PV Societal Cost Total PV Costs
Traveled | Adoption Driven million
Driven
(Millions) miles)

2020 3,276,369 | 0.08% | 3,273,812 | 2,556 411 | 13,520,845 | 10,517 | 13,531,361 | $304,728,066072 | 5287,235,616,997 $749,836,969,324 $706,793,259,802 $994,028,876,800
2021] 3,299,303 | 0.11% | 3205775 | 3,528 411 | 13,611,550 | 14,494 | 13,626,044 | $314,163,824152 | 5287,504,403,343 $773,054,803,250 $707,454,655,417 $994,950,058,760
2022| 3,322,398 | 0.15% | 3,317,520 | 4,869 410 | 13,701,395 | 19,963 | 13,721,358 |  $323,890783,159 | 52B7.77L765776 |  $796,989,679,908 $708,115,007,921 $995,887,773,697
2023 | 3,385,655 | 0.20% | 3,338,936 | 6,719 409 | 13,789,807 | 27,470 | 13,817,277 | $333,917,432626 | 5288,040,110,642 $821,661,997,135 §708,772,856,.523 $996,812,967,165
2024 | 3,369,075 | 0.28% | 3,359,807 | 9,268 407 | 13,876,001 | 37,751 | 13,913,752 | $344,051635723 | 6288,305,325256 | $847,091,103,633 5709,425,463,270 $997,730,788,525
2025 | 3,392,658 | 0.38% | 3,379,878 | 12,780 405 | 13,958,895 | 51,789 | 14,010,684 | $354,300,184,655 | $288,566,327,517 $873,293,712,802 $710,067,704,789 5998,634,032,306
2026 3,416,407 | 052% | 3,398,791 | 17,615 402 | 14,037,008 | 70,876 | 14,107,885 | $365,867,565,145 | $288,819,225,725 $900,280,847,783 5710,690,014,716 $999,509,244,441
2027| 3440322 | 071% | 3,416,068 | 24,264 398 | 14,108317 | 96,677 | 14,204,995 | $377,153,553,326 | 5289,056,793,932 $928,052,002,005 §711,274,582,822 | $1,000,331,376,754
2028 3464404 | 096% | 343L,011 | 33,393 393 | 14,170,095 | 131,266 | 14,301,342 | $388,748,775508 | $289,265,508,346 |  $056,584,065,797 $711,788,382,447 | $1,001,053,980,793
2029 3488655 | 132% | 3,442,753 | 45,901 386 | 14,218,571 | 177,102 | 14,305,673 | $400,626,197,255 | $289,420,888,860 | 4985810530324 $712,170,501,801 | $1,001,591,380,661
2030 | 3,513,075 | 179% | 3,450,082 | 62,993 376 | 14,248,840 | 236,837 | 14,485,676 | $412,725,480,865 | $289,477,348,322 | 6101558224826 | $712,309,430,141 | §1,001,786,778,463
2031| 3,537,667 | 2.44% | 3,451,408 | 86,250 3.63 | 14,254,316 | 312,817 | 14,567,132 | $424,924,416537 | $289,352,850,836 | $1,045600530579 | $712,003,082,305 | 61,001,355033,232
2032 | 3,562,431 | 331% | 3,444,662 | 117,768 345 | 14,226,456 | 405,987 | 14,632,443 | $436,988,086,958 | $288,000,605219 | $1,075,285,292628 |  $710,890,253,091 $999,790,858,510
2033| 3,587,368 | A46% | 3427,218 | 160,150 321 | 14,154,409 | 513,781 | 14,668,190 | 9448481371735 | $287,863,126,633 | 1,103,566,521461 |  $708,337,356,547 $996,200,483,180
2034 | 3,612,479 | 6.00% | 3,395,842 | 216,637 289 | 14,024,827 | 626,436 | 14,651,263 | 9458,625,370439 | 6285,800,168,345 | $1,128,527,596,923 |  $703,261,088,400 $989,061,256,745
2035 | 3,637,766 | 8.00% | 3,346,745 | 291,021 248 | 13,822,057 | 721,151 | 14,543,208 | 9466,077,734,514 | $281984,694,423 | 51,146,865436612 |  $693,872,450,321 $975,857,144,744
2036 | 3,663,031 | 1058% | 3,275,788 | 387,443 205 | 13,529,005 | 795,457 | 14,324,461 | 469,993,183,993 | $276,07L,461,894 | 51,156,500,081960 |  $679,321,911,851 $955,393,373,745
2037| 3,688,873 | 13.82% | 3,178,940 | 509,934 199 | 13,125,022 | 1,012,750 | 14,141,772 | 475,042,227,913 | $270,09,944,724 | $1,168,24,133,853 | $666,621,099,333 $937,531,044,664
2038 | 3,714,696 | 17.81% | 3,053,046 | 661,649 190 | 12,605,081 | 1,259,575 | 13,868,655 | $476,955,501,952 | $264,078,697,256 | $1,173,632,077,836 |  $649,811,625,833 $913,890,323,090
2039 | 3,740,698 | 2256% | 2,896,866 | 843,833 181 | 11,964,056 | 1,523,687 | 13,487,742 | $474,895,328,816 | $255,279,640,138 | $1,168,562,663,041 |  $628,160,013,372 $843,439,653,510
2040 | 3,766,883 | 28.00% | 2,712,156 | 1,054,727 | 166 | 11,201,204 | 1,785,970 | 12,987,174 | $468,153,654,817 | $244,325,881,710 | $1,151,3973,600056 | _ 5601,206,383,084 $845,532,264,794
2041| 3,793,251 | 33.98% | 2,504,377 | 1,288,874 | 157 | 10,343,079 | 2,023,342 | 12,366,421 | $456,386,632,298 | $231,247,340,679 | $1,123,018791834 | $569,024,355,154 $800,271,695,832
2042 | 3,819,804 | 4024% | 2,282,536 | 1,537,268 | 1.4 9,426,872 | 2,214,354 | 11,641,226 | $439,848,119,395 | $216,376,128,796 | $1,082,322,900534 | $532,431,148,386 $748,807,277,182
2043 | 3,846,543 | 4650% | 2,057,927 | 1,788,616 | 131 8,499,237 | 2,345,393 | 10,844,630 | _ $419,501,829,05 4200,356,409,871 | $1,032,257,309,691 |  $493,011,840,018 $693,368,249,890
2044 | 3,873,469 | 5244% | 1,842,078 | 2,031,390 | 119 7,607,784 | 2,414,384 | 10,022,167 | $396,913,535004 | 5184,046,713,430 |  $976,674,878,267 $452,878,991,474 $636,925,704,904
2045 | 3,900,583 | 57.84% | 1644,630 | 2,255944 | 108 6,792,360 | 2,430,069 | 9,222,420 | $373,933,800095 | 5168,340,904,383 $920,129,238,435 $414,232,113,033 $582,573,017.417
2046 | 3,912,285 | 6252% | 1466,135 | 2,486,150 | 098 5,055,138 | 2,398,112 | 8,453,250 |  $350,903,937,146 | 5153,371953,523 $863,460,249,832 $377,398,402,488 $530,770,356,011
2047| 3,924,022 | 66.45% | 1,316,352 | 2,607,670 | 0.90 5,436,532 | 2,344,881 | 7,781,413 | 5330702964117 | 5140332599,826 | $813,752.237,547 §345,312,801,818 $485,645,401,643
2048 | 3,935,794 | 69.65% | 1,194,669 | 2,741,125 | _ 0.83 4,533,983 | 2,284,204 | 7,218,187 | $314,067,434,879 | 5$129,391,624,765 $772,817,620,658 $318,390,627,232 $447,782,251,997
2049 | 3,947,601 | 72.17% | 1,008,441 | 2,849,160 | 078 4,536,561 | 2,225,471 | 6,762,033 | $301,222,314,682 | 120,485,053,713 $741,209,965,367 $296,474,458,012 $416,959,511,725
2050 | 3,959,444 | 74.14% | 104,014 | 2,935430 | 074 4,229,178 | 2,173,868 | 6,403,047 | $292,019,377,038 | $113,401,938,789 | G718,564,534,509 $279,045,220,167 $392,447,158,957
2051| 3,971,322 | 7564% | 967,503 | 3,003,818 | 071 3,095,788 | 2,131,451 | 6,127,239 | $286,091,518317 | $107,854,011,374 $703,978,005,746 5265,418,185,290 $373,282,196,664
2052 | 3,983,236 | 76.77% | 925272 | 3,057,964 |  0.69 3,821,373 | 2,008,320 | 5,919,693 | $282,079,155565 | $103583,076,628 | $606,319,495,154 4254,884,199,793 $358,467,276,421
2053 | 3,995186 | 77.62% | 894,167 | 3,101,018 | 0,67 3,602,910 | 2,073,558 | 5,766,468 | 6282215122109 | $100,94,569,040 |  $604,439,457,996 $246,792,254,155 $347,086,823,195
2054 | 4,007,171 | 7825% | 871588 | 3,135583 | 0,66 3,500,650 | 2,055,852 | 5,666,511 | 283,372,265 736 $97,772,620,001 $667,286,811,193 $240,586,559,426 $338,359,179,467
2055 | 4,019,193 | 78.72% | 855463 | 3,163,730 | 0,65 3,533,061 | 2,043,845 | 5,576,006 |  $286,084,252,600 $95,833,343,151 $703,960,127,185 $235,814,630,899 $331,647,974,049
2056 | 4,031,250 | 79.06% | 844,179 | 3,187,002 | 0.4 3,486,458 | 2,036,312 | 5,522,770 | $200,049,889,788 $94,331,800,653 $713,718,268,130 $232,119,846,225 $326,451,655,878
2057| 4,043,344 | 7931% | 836,503 | 3,206,842 |  0.63 3,454,756 | 2,032,024 | 5,486,880 | $205,028,700,004 $93,156,358,197 $725,969,497,764 $229,227,443,205 $322,383,801,402
2058 | 4,055,474 | 7950% | 831503 | 3,223,971 063 3,434,108 | 2,030,753 | 5,464,860 |  300,832,734,912 $92,022,332,816 $740,251,336,468 4226,929,111,086 $319,151,443,902
2059 | 4,067,641 | 7963% | 828483 | 3,239,158 |  0.63 3,421,633 | 2,031,250 | 5,452,882 | 307,317,480 460 $91,466,287,305 4756,208,182,256 4225,068,729,437 $316,535,016,742
2060 | 4,079,844 | 79.73% | 826922 | 3,252,922 | 0.3 3,415,186 | 2,033,210 | 5,448,405 | $314,373,298,206 $90,841,064,332 4773,570,250,864 4223,530,259,423 $314,371,323,754

TOTALS | 389,871,392 53,253,214 443,124,605 $15,124,954,931,844 | $8,542,747,620,205 | $37,217,585,731,166 | $21,020,918,301,403 | $29,563,665,921,607




Appendix C

Full Model: VMT Bear Case with AV Mandate

Note: Since the non-AV crash rate, average economic cost per accident, and average
societal cost per accident columns are the same for all models to conserve space they are not

shown. Refer to appendix A to see figures used.

Vehicle NomAY AV Crash
| == £y e ||| R | ey 8 W Economic Cost PV Economic Cast Societal Cost PV Societal Cost Total PV Costs
Traveled | Adoption Driven Driven million Accid Accid Accid
{Millions ) miles)
2020| 3,250,803 | 0.10% | 3,256645 | 3,158 411 13,049,944 | 12081 | 13462,924 | $303,187,058,853 4285,782,881,377 $746,044,560,549 $703,218,550,805 $989,001,432,182
2021] 3,277,080 | 0.14% | 3,272,590 | 4,490 410 | 13,515798 | 18,417 | 13,534,214 | $312,046581066 | 6285566826816 |  $767,844,960,120 $702,686,910,930 $988,253,737,746
2022| 3,094,449 | 0.19% | 3,088,067 | 5,382 409 | 13,579,715 | 26,103 | 13,605,818 |  $321,163,487,172 $285,349,598,616 | $790,278,603,154 $702,152,383,111 $987,501,981,727
2023| 3,311,600 | 027% | 3,302,840 | 9,069 407 13,640,720 | 36,943 | 13,677,673 | $330,543,664,960 | $285,120,865,017 $813,360,254,228 $701,611,700,166 $986,711,560,184
2024| 3,329,462 | 039% | 3,316,579 | 12,884 405 13,697,470 | 52,180 | 13,749,650 | $340,191,464,538 | $284,904,995800 |  $837,100,345,325 4701,058,360,474 $985,963,356,283
2025| 3,347,100 | 055% | 3,328,815 | 18,204 102 13,748,005 | 73,489 | 13,821,494 |  $350,107,863,201 4284,669,731,624 $861,501,371,248 4700,479,451,973 $985,149,183,596
2026| 3,364,848 | 0.77% | 3,336,889 | 25950 397 13,789,614 | 103,074 | 13,892,688 |  $360,286,747,087 4284,413,685,151 $886,548,287,776 $699,849,405,036 $984,263,000,187
2027| 3,382,682 | 1.09% | 3,345,881 | 35,801 391 13,818,489 | 143,720 | 13,962,208 | $370,707,410,146 | $284,116,361,840 | $912,190,144,068 $699,117,788,493 $983,234,151,433
2028| 3,400,610 | 153% | 3,348,507 | 52,103 381 13,829,334 | 198,701 | 14,028,035 | $381,319,571,195 $283,737,572,557 $938,303,214,513 $698,185,712,247 $981,923,284,804
2029 | 3,418,633 | 2.15% | 5,305,000 | 73,633 360 | 13,814,850 | 271,356 | 14,086,206 | $392,013,842,978 | $283,199,140,889 |  $964,618,332,722 $696,860,807,355 $980,059,948,244
2030 | 3,436,752 | 3.02% | 3,332,958 | 103,795 351 13,765,115 | 363,939 | 14,129,054 | $402,564,616,810 | $282,350,722,708 | _ $990,580,349,229 $694,773,126,664 $977,123,849,372
2031| 3,454,967 | 4.22% | 3,308,176 | 145791 326 | 13,666,898 | 475,077 | 14,141,975 | $412,502,547,932 $280,907,781,792 | 51,015,083,573,001 $691,222,518,240 $972,130,301,032
2032| 3,473,278 | 5.87% | 3,260,500 | 203,778 292 13,503,037 | 594,718 | 14,087,754 | $421,019,970,435 $278,343,799,060 | $1,035992,960,959 |  $684,913,393,193 $963,257,192,253
2033 | 3,491,687 | 8.10% | 3,208,757 | 282929 246 | 13,252,167 | 695,085 | 13,947,250 | $426,438,621,482 $273,714,724,030 | $1,049,326,495,558 | 673,522,747,854 $947,237,471,923
2034 | 3,510,193 | 1109% | 3,120,892 | 389,301 204 12,889,282 | 795,139 | 13,684,422 | $428,360,538,606 | $266,940,125726 | $1,054,055707,356 |  656,852,668,921 $923,792,794,646
2035| 3,528,797 | 15.00% | 2,999,477 | 529319 196 | 12,387,841 | 1,038,393 | 13,426,233 | $430,281,145239 | $260,327.168,206 | 51,058,781,694,464 $640,580,337,710 $900,907,506,916
2036 3,547,499 | 19.98% | 2,838,786 | 708,713 186 | 11,724,186 | 1,317,468 | 13,041,654 | $427,903,604789 | $251,348,270,033 | $1,052.931,342,121 5618,486,192,552 $869,834,462,585
2037| 3,566,301 | 26.10% | 2,635,485 | 930816 173 10,884,552 | 1,612,665 | 12,497,218 | 5419,799,307,637 $239,405,679,211 | _51,032,589,307,557 $589,099,367,946 5828,505,047,157
2038| 3,585,202 | 33.32% | 2,390,687 | 1,194,515 | 168 9,873,538 | 1,891,497 | 11,765,035 | $404,610,100,873 $224,022,802,752 $995,613,619,001 $551,247,121,379 $775,269,924,131
2039 | 3,604,204 | 4141% | 2,111,597 | 1,492,607 | 142 8,720,895 | 2,114,013 | 10,834,008 | _ $381,490,635,003 $205,070,014,612 5938, 724,146,306 $504,610,485,394 $709,680,500,006
2040 | 3,623,306 | 50.00% | 1,811,653 | 1,811,653 | 124 7,482,127 | 2,244,633 | 9,726,766 | $350,624,460,611 $182,988,276,618 | $862,772,549,144 $450,274,523,366 $633,262,799,985
2041| 3,642,510 | 58.50% | 1,508,471 | 2,134,039 | 106 6,229,934 | 2,265,661 | 8,495,645 |  $313,534,417,734 $158,865,302,315 771,506,039, 144 $390,915,743,898 4549,781,046,213
2042| 3,661,815 | 66.68% | 1,020,041 | 2,441,774 | 089 5,038,769 | 2,184,204 | 7,202,973 | $272,910,361,345 $134,253,813,742 $671,543,473,423 $330,354,880,995 $464,608,703,738
2043| 3,681,223 | 73.90% | 960,811 | 2720412 | 075 3,968,150 | 2,027,990 | 5,996,140 | $231,048,134,580 | $110,779,720,855 $570,748,780,596 $272,592,796,262 4383,372,617,117
2044| 3,700,733 | 80.02% | 739,326 | 2,061,407 | 062 3,053,416 | 1,833,236 | 4,886,652 | $193,528,836,049 $89,738,300,883 $476,211,405,558 $220,816,717,903 4310,555,018,786
2045| 3,720,347 | 85.00% | 558,052 | 3,162,205 | 052 2,304,755 | 1,632,535 | 3,937,200 | $159,641,855 450 $71,869,016,166 $392,826,588,130 $176,846,230,790 4248,715,246,956
2046| 3,727,788 | 88.91% | 413,434 | 3,314,354 | 044 1,707,481 | 1,443,470 | 3,150,950 | $130,799,489,288 $57,169,416,004 $321,854,923,080 $140,675,304,772 4197,844,720,866
2047| 3,735,243 | 9190% | 302,665 | 3,432,579 | 041 1,250,005 | 1,417,655 | 2,667,660 | $113,373,130,435 $48,109,475,483 $278,974,332,195 $118,381,743,042 $166,491,218,525
2048| 3,742,714 | 94.13% | 219,586 | 3523128 | o041 906,889 | 1,455,052 | 2,361,941 |  $102,769,398,305 $42,338,631,63 $252,882,004,047 $104,184,037,387 $146,523,669,020
2043 | 3,750,199 | 95.78% | 158,249 | 3,591,950 | 041 653,568 | 1,483,476 | 2,137,043 | $95,195,984,533 $38,077,570,071 $234,248,759,693 $93,696,492,647 $131,774,062,719
2050 3,757,700 | 96.98% | 113,488 | 3644212 | 04l 468,704 | 1,505,060 | 1,973,763 |  $90,015,074,997 $34,956,575,589 $221,500,229,487 $86,016,742,180 $120,973,317,769
2051| 3,765,215 | 97.85% | 81,088 | 3,684,117 | 04l 334,937 | 1,521,540 | 1,856,477 | $86,682,143,608 $32,681,443,264 $213,296,510,678 $80,418,382,863 $113,099,826,126
2052| 3,772,745 | 98.47% | 57,805 | 3714940 | 04l 238,735 | 1,534,270 | 1,773,005 | $84,754,983,635 $31,024,129 487 $208,554,397,933 $76,340,273 682 $107,364,403,170
2053 | 3,780,291 | 98.91% | 41,127 | 3,738,164 | 04l 16,853 | 1,544,275 | 1,714,128 | %83,800,648,928 $29,813,343 860 $206,427,551,856 $73,360,924,780 $103,174,268,640
2054 | 3,787,852 | 99.23% | 29,222 | 3758629 | 04l 120,687 | 1,552,314 | 1,673,001 | $83,825,592,647 $28,922,892,545 $206,269,930,221 $71,168,814,240 $100,092,706,786
2055 | 3795427 | 99.45% | 20,744 | 3774683 | 04l 85674 | 1,558,944 | 1,644,618 | $84,365,642,844 $28,261,050,817 $207,596,357,108 $69,541,237,404 $97,802,288,222
2056 3,803,018 | 9961% | 14,716 | 3788302 | 04l 60,778 | 1,564,569 | 1625347 | $85361445,307 $21,761,774,419 $210,046,702,497 $68,312,680,873 $96,074,455,291
2057| 3810624 | 99.73% | 10,435 | 3,800,189 | 041 43,096 | 1,569,478 | 1,612,575 |  $86,705,306,893 527,377,823 862 $213,355,968,646 567,367,903 660 594,745,727,521
2058| 3818245 | 9981% | 7397 | 3810849 | o041 30,549 | 1,573,880 | 1,604,429 |  $88,321523,853 $27,075,567,325 $217,330,491,279 566,624,148 810 $93,699,716,135
2059 | 3825882 | 99.86% | 5242 | 3820640 | 041 71649 | 1,577,924 | 1,599,573 |  $90,149,916,248 $26,831,139,341 $271,820,568,195 $66,022,691,187 $92,853,830,528
2060 | 3,833,534 | 99.90% | 3714 | 3820819 | o041 15340 | 1,581,715 | 1,507,055 |  $92,150,177,688 $26,627,643,839 $226,751,560,829 $65,521,955 065 $92,149,598,904
TOTALS | 201,736,604 | 46,906,844 338,643,448 | $10,537,111,306,485 | 96,664,825,661,135 | $25028,307,434,498 | $16,309,064,267,288 | $23,064,789,928,423




Appendix D

Full Model: VMT Bear Case without AV Mandate

Note: Since the non-AV crash rate, average economic cost per accident, and average
societal cost per accident columns are the same for all models to conserve space they are not

shown. Refer to appendix A to see figures used.

Vehicle NomAY AV Crash
| == £y e ||| R | ey 8 W Economic Cost PV Economic Cast Societal Cost PV Societal Cost Total PV Costs
Traveled | Adoption Driven Driven million Accid Accid Accid
{Millions ) miles)
2020| 3,250,803 | 0.08% | 3,267,260 | 2,543 411 13,452,483 | 10463 | 13.462,047 | $303,187,550,017 $285,783,352,830 | $746,045,791,289 $703,219,710,496 $989,003,063,726
2021] 3,277,080 | 0.11% | 3,273,576 | 3,505 411 13,519,867 | 14,397 | 13,534,064 | $312,047,726,478 | $285,567,874,206 | $767,847,776,389 $702,689,488,216 $988,257,362,422
2022| 3,094,449 | 0.15% | 3,280,620 | 4,828 410 | 13,586,132 | 19,795 | 13605027 | $321,166,064,232 $285,351,898,300 | $790,285,034,457 $702,158,017,277 $987,509,905,577
2023| 3,311,600 | 0.20% | 3,305,258 | 6,651 408 | 13,650,717 | 27,102 | 13,677,010 | $330,549,393469 | 6285134810480 | $813,374,350,223 $701,623,858,495 $986,758,660,974
2024| 3,320,462 | 028% | 3,320,303 | 9,159 207 13,712,853 | 37,307 | 13,750,160 | _ $340,204,063,387 $284,915,547,146_ | $837,131,346,986 4701,084,323,877 $985,999,871,024
2025| 3,347,100 | 0.38% | 3,334,500 | 12,600 405 13,771,484 | 51,003 | 13,822,578 | $350,135,310,006 | $284,602,055706 | %861,568,931,038 4700,534,384,264 $985,226,439,970
2026| 3,364,848 | 052% | 3,347,499 | 17,350 102 13,825,170 | 69,807 | 13,894,976 | $360,346,087,528 | $284,460,525,043 $886,604,305,265 $699,964,672,590 $984,425,201,634
2027| 3,382,682 | 0.71% | 3,358,824 | 23,858 398 | 13,871,945 | 95057 | 13,967,002 | $370,834,664379 | $284,213,891,713 $912,503,275,271 $699,357,778,486 $983,571,670,199
2028| 3,400,610 | 096% | 3,367,832 | 32,778 393 13,909,147 | 128,849 | 14,037,996 | $381,590,334,938 | $283,939,046,211 $938,969,475,858 $698,681,473,260 $982,620,519,470
2029 | 3,418,633 | 132% | 3,373,653 | 44,980 386 | 13,933,188 | 173,547 | 14,106,735 | $392,585,168,877 $283,611,878,874 $966,024,179,595 $697,876,421,048 $981,488,299,922
2030 | 3,436,752 | 179% | 3,375,128 | 61,625 376 | 13,939,277 | 231,691 | 14,170,966 | _ $403,758,834,624 $283,188,323,055 $993,518,930,142 4696,834,188,192 $980,022,511,248
2031| 3,454,967 | 2.44% | 3,370,725 | 84,242 363 13,921,092 | 305,504 | 14,226,597 | $414,990,977,639 | $282,588,662,308 | $1,021,157,574,189 | 5695358,618,488 $977,947,280,797
2032| 3,473,278 | 331% | 3,356,457 | 114,821 3.45 13,870,429 | 395,827 | 14,266,256 | $426,052,165,991 $281,670,673,144 | $1,048,375,554,518 | $693,099,746,277 $974,770,419,421
2033 | 3,491,687 | A4.46% | 3,335,808 | 155879 321 13,776,888 | 500,078 | 14,276,966 | $436,519,652,479 | $280,185,354,217 | 51,074,132,628,011 $689,444,860,378 $969,630,214,595
2034| 3,510,193 | 6.00% | 3,299,689 | 210,503 289 | 13,627,717 | 608,699 | 14,236,416 | $445639,501,320 | $277,707,804,033 | $1,096,573,604,370 | 5683,348,416,665 $961,056,220,698
2035| 3,528,797 | 8.00% | 3,245,493 | 282,304 748 | 13,408,016 | 699,549 | 14,107,564 | $452,116,307,833 §273,537,801,673 | $1,112.510914,780 | 5673,087,399,624 §946,625,201,297
2036 3,547,499 | 10.58% | 3,172,297 | 375202 205 13,101,586 | 770,326 | 13,871,912 | $455,144,802,521 §267,309,602,685 | 51,119,963,053,394 $657,860,258,293 $925,209,860,979
2037| 3,566,301 | 13.82% | 3,073,311 | 492,990 199 | 12,692,776 | 979,009 | 13,671,875 | 5459,257,711200 | $261,908,255403 | $1,130,083,581,492 $644,470,875,654 $906,379,131,057
2038| 3,585,202 | 17.81% | 2,946,618 | 638,584 190 | 12,169,532 | 1,215,666 | 13,385,198 | 450,328,978,155 §254,872,994,154_ | $1,132,719,620,403 $627,159,390,109 5882,032,384,262
2039 | 3,604,204 | 2066% | 2,791,162 | 813042 181 11,527,499 | 1,468,089 | 12,905,588 | $457,566,850310 | $245,964,733,802 | $1,125022,945,942 $605,239,064,321 $851,203,798,223
2040| 3,623,306 | 28.00% | 2,608,781 | 1014536 | 169 | 10,774,263 | 1,717,896 | 12,492,160 | _ $450,300,691,874 $235,013,051,064 | $1,108,065421,578 | $578,291,034,009 $813,304,285 273
2041| 3,642,510 | 33.98% | 2,404,855 | 1,237,655 | 167 9,032,051 | 1,042,936 | 11,874,986 | $438,250,079,207 $222,057,698,820 | $1,078,390,644,563 $546,411,641,184 $768,469,340,113
2042| 3,661,815 | AD.24% | 2,188,120 | 1,473,686 | 144 0,036,972 | 2,122,767 | 11,169,739 | 5421,655,762,068 | §207,426,604,483 | $1,037557,436,098 |  §510,409,506,649 $717,836,201,132
2043 | 3,681,223 | A6.50% | 1,969,479 | 1,711,744 | 131 8,133,019 | 2,044,501 | 10,378,530 | $401,A72,100,976 | $191,745,311,320 |  $987,892,023,749 $471,822,732,372 $663,568,043,701
2044| 3,700,733 | 5244% | 1,750,932 | 1,040,801 | 119 7,268,518 | 2,306,715 | 9,575,233 | $379,213,362,990 | $175,839,236,993 $933,120,522,413 $432,683,066,307 $608,522,303,300
2045| 3,720,347 | 57.84% | 1,568,645 | 2,151,702 | 108 6,478,503 | 2,317,782 | 8,796,285 | 4356,655,281,072 $160,562,304,220 | $877,612,433,200 4395,001,512,631 4555,653,816,850
2046| 3,727,788 | 62.52% | 1,396,995 | 2,330,793 | 0498 5,769,587 | 2,285,021 | 8,054,608 | $334,355,880,347 $146,139,182,586 | $822,740,874,113 $359,600,900,958 4505,740,002,543
2047| 3,735,243 | 66.45% | 1,253,024 | 2,482,219 | 080 5,174,989 | 2,232,072 | 7,407,062 | $314,793,387,170 | $133,581,428,722 $774,603,952,699 $328,700,368,552 $462,281,798,274
2048| 3,742,714 | 69.65% | 1,136,062 | 2,606,652 | 083 4,691,935 | 2,172,147 | 6,864,082 |  5298,660,101,972 $123,044,007,608 | $734,905,184,740 $302,771,208,732 $425,815,217,340
2049 3,750,199 | 72.17% | 1,043,513 | 2,706,686 | 078 4,309,708 | 2,114,185 | 6,423,894 |  5286,159,541,665 $114,460,138,131 $704,145,389,041 $281,649,103,941 4396,109,242,072
2050 3,757,700 | 74.14% | 971,838 | 2,785,862 | 074 4,013,690 | 2,063,104 | 6,076,794 | $277,140,214,486 | $107,623,308,934 $681,951,763,736 4264,827,125,354 $372,450,934,288
2051| 3,765,215 | 7564% | 917,001 | 2,847,924 | 071 3,788,412 | 2,020,831 | 5,809,243 | $271,243,693616 | $102,265391,755 $667,442,347,213 $251,643,283,082 $353,909,274,836
2052| 3,772,745 | 76.77% | 876,377 | 2,896,369 | 069 3,619,436 | 1,987,436 | 5,606,672 | $268,025,368,567 $98,109,319,166 $659,523,097,334 $241,415,066,261 $339,524,385,427
2053 | 3780291 | 77.62% | 846,071 | 2934220 | 067 3,494,274 | 1,962,025 | 5,456,299 | $267,035,207,676 $94,899,879,438 $657,086,634,617 $233,517,680,865 $328,417,560,303
2054 | 3,787,852 | 78.25% | 823,885 | 2.963.967 | 066 3,402,643 | 1,943,331 | 5,345,974 | $267,862,782,127 $92,421,345,300 $659,123,025,683 $227,418,815,962 $319,840,161,262
2055 | 3795427 | 78.72% | BO7,835 | 2987592 | 065 3,336,361 | 1,930,055 | 5,266,416 | $270,156,719,454 $90,497,891,332 $664, 767,658,080 $722,685,822,492 §313,183,713,824
2056 3,803,018 | 79.06% | 796,385 | 3,006,633 | 064 3,289,069 | 1,921,025 | 5,210,094 | 273,628,490 384 $88,991,141,108 $673,310,554,989 $218,978,201,154 $307,969,342,262
2057| 3,810,624 | 79.31% | 788,357 | 3,022,268 | 063 3,255,913 | 1,915,257 | 5,171,170 | $278,047,928 457 587,794,619,367 $684,185,352,045 $215,033,951,028 $303,828,570,395
2058| 3,818,245 | 79.50% | 782,864 | 3,035,382 | 063 3,733,227 | 1,911,962 | 5,145,188 | 283,235,234 475 $86,827,698,676 $696,949,621,911 $213,654,674,271 5300,482,372,948
2059 | 3,825,882 | 7963% | 779,242 | 3,046,640 | 063 3,218,269 | 1,910,523 | 5,128,792 | $289,052,173 367 $86,030,020,472 $711,263,213,117 $211,601,848,128 $207,721,868,600
2060 | 3,833,534 | 79.73% | 776,998 | 3,056,535 | 063 3,209,003 | 1,910,468 | 5,119,472 | $205,393,826,916 $85,356,771,009 $726,867,956,120 $210,035,200,573 $205,391,971,582
TOTALS | 378,698,570 50,734,167 429,432,736 $14,506,360,001,377 | $8,287,332,810,005 | $35916,907,992,153 | $20,302,425,702,913 | $28,679,758,522,819




Appendix E

Full Model: VMT Bull Case with AV Mandate

Note: Since the non-AV crash rate, average economic cost per accident, and average
societal cost per accident columns are the same for all models to conserve space they are not

shown. Refer to appendix A to see figures used.

Vehicle NomAY AV Crash
| == £y e ||| R | ey 8 W Economic Cost PV Economic Cast Societal Cost PV Societal Cost Total PV Costs
Traveled | Adoption Driven Driven million Accid Accid Accid
{Millions ) miles)
2020| 3294949 | 0.10% | 3,201,757 | 3,192 411 13,594,955 | 13,121 | 13,608,076 | $306,455,894,025 $288,864,072,038 | $754,088,008,782 $710,800,357,038 $999,664,429,076
2021| 3,324,274 | 0.14% | 3,319,718 | 4,555 410 | 13,710441 | 18682 | 13729,123 | $315,540,429,845 $289,679,334,220 | $778,802,855,460 §712,806,451,621 | $1,002,485,785,841
2022| 3,353,860 | 0.19% | 3,307,363 | 6,497 409 | 13,824,600 | 26,573 | 13,851,183 | $325,955,285 203 $200,495,536,231 $804,530,421,115 §714,814,858,815_ | $1,005,310,385,045
2023| 3,383,710 | 027% | 3,374,444 | 9,966 407 13,936,452 | 37,744 | 13,974,196 | $337,700,653318 | $201,311,313,623 $330,003,416,591 $716,922,220916 | $1,008,133,534,440
2024| 3,413,825 | 039% | 3,400,614 | 13,210 405 14,044,537 | 53,502 | 14,008,040 |  $348,811,254,595 4202,123,934,277 $858,310,839,957 $718,821,815,805 | $1,010,945,750,082
2025| 3,444,208 | 055% | 3,425,383 | 18,825 102 14,146,832 | 75621 | 14,222,453 | $360,264,426,401 $292,927,046,046_ | $886,493,363,841 $720,800,228,001 | $1,013,728,175,947
2026| 3,474,861 | 0.77% | 3,448,054 | 26,808 397 14,240,461 | 106,444 | 14,386,905 | $372,066,220,344 $203,712,510,116 | $915,533,733,207 $722,730,783,320 | $1,016,443,293,436
2027| 3,505,787 | 1.09% | 3,467,647 | 38,140 391 14,321,383 | 148,951 | 14,470,333 | $384,198,457,495 $294,456,157,022 $945,387,314,061 4724,560,656,042 | $1,019,016,813,064
2028| 3,536,989 | 153% | 3,482,796 | 54,193 381 14,383,948 | 206,670 | 14,500,618 | $396,612,073,101 $295,116,630,169 |  $975,833,078,755 4726,185,865,248 | $1,021,302,495,417
2029 | 3,568,468 | 2.15% | 3,491,607 | 76,861 360 | 14,420,338 | 283,249 | 14,703,587 | $409,195,337,948 | $295,611,418418 | 51,006,896,393,377 §727,403,377,506 | $1,023,014,796,324
2030 | 3,600227 | 3.02% | 3,491,496 | 108,732 351 14,419,877 | 381,251 | 14,801,126 | $421,713,314,931 $295,781,234,302 | $1,037,699,055,843 §727,821,238,463 | $1,023,602,473,766
2031| 3,632,269 | A4.22% | 3,478,997 | 153,273 326 | 14,368,257 | 499,457 | 14,867,714 | $433,692,432,493 $295,323,443,051 | $1,067,175,760,853 §726,694,764,361 | $1,022,018,207,412
2032 | 3,664,597 | G5.87% | 3,449,594 | 215003 292 14,246,823 | 627,477 | 14,874,300 | $444,210,979,363 $293,675,787,997 | $1,093,058,477,308 |  $722640422,149 | $1,016,316,210,146
2033 | 3,697,212 | 8.10% | 3,397,629 | 299,583 746 | 14,032,206 | 735,998 | 14,766,204 | $451,539,307,337 $289,825,899,133 | $1,111,091,104,570 | $713,167,100,114 | $1,002,992,999,248
2034 | 3,730,117 | 1109% | 3,316,425 | 413692 204 13,696,835 | 844,957 | 14,541,792 | $455,198,609,884 $283,664,724,459 | 51,120,095,455,782 $698,006,456,814 $981,671,181,272
2035| 3,763,315 | 15.00% | 3,196,818 | 564,497 196 | 13,211,116 | 1,107,402 | 14,318,515 | $458,876,932,514 §277,626,090,790 | 51,129,145,609,221 5683,152,268,348 $960,780,359,138
2036 3,796,808 | 19.98% | 3,038,280 | 758,520 186 | 12,548,132 | 1,410,056 | 13,958,188 | $457,975,552,476 | $269,012,369,944 | 51,126,928,605,654 $661,951,786,717 $930,964,156,662
2037| 3,830,600 | 26.10% | 2,830,801 | 699,799 173 11,691,207 | 1,732,180 | 13,423,387 | $450,910,665,151 $257,148,051,676 | $1,109,544,220989 | $632,757,565,360 5889,905,617,036
2038| 3,864,692 | 33.32% | 2,577,057 | 1287635 | 158 | 10,643,244 | 2,038,951 | 12,682,195 | _ $435,152,081,613 $241,486,832,727 | §1,073,028,155879 |  $594,220,408,620 5835,707,241,347
2039 | 3,899,088 | 4141% | 2,084361 | 1614727 | 142 9,438,410 | 2,086,975 | 11,721,385 | $412,702,927,663 $221,848,150,831 | $1,015,527,428,745 $545,896,033,988 $767,744,193,619
2040 3,933,790 | 50.00% | 1,966,895 | 1,066,895 | 124 8,123,276 | 2,436,983 | 10,560,250 | $380,669,707,600 | $108,668,665,714 $936,704,111,981 4488 858,851,589 $687,527,517,303
2041| 3,068,801 | 58.60% | 1,603,507 | 2325203 | 106 6,788,057 | 2,468,616 | 9,256,672 | $341,620,378,201 $173,006,26,776 | $840,616,436,470 $425,933,411,954 4599,029,638,729
2042| 4,004,123 | 66.68% | 1,334,001 | 2,670,032 | 089 5,500,795 | 2,388,384 | 7,808,180 |  $208,422,120,105 $146,803,008550 | $734,319,508,910 $361,236,583,959 $508,040,492,500
2043| 4,036,760 | 73.90% | 1,064,390 | 2,085,369 | 075 4,354,632 | 2,025,508 | 6,580,141 |  $254,538,986,511 $121,569,237,552 $626,337,506,134 $299,142,281,167 $420,711,518,719
2044| 4,075,713 | 80.02% | 814,239 | 3261475 | 062 3,362,807 | 2,018,990 | 5,381,797 |  $213,138,326,039 $98,831,118,000 $524,463,970,816 $243,191,177,999 4342,022,295,998
2045| 4,111,087 | 85.00% | 616,798 | 3,495189 | 052 2,547,376 | 1,804,391 | 4,351,768 |  4176,447,322,354 $79,434,653 443 $434,179,366,243 $195,462,798,922 4274,807,452,365
2046| 4,128,435 | 88.91% | 457,868 | 3,670,568 | 044 1,890,994 | 1,508,608 | 3,489,602 | $144,857,286,278 $63,313,752,359 $356,446,580,841 4155,794,514,233 4219,108,266,592
2047| 4,144,949 | 9190% | 335,863 | 3,808,086 | 041 1,387,114 | 1,573,153 | 2,960,266 |  $125,808,628,067 $53,386,433,666 $309,574,039,850 $131,366,617,673 $184,753,051,339
2048| 4,161,529 | 94.13% | 244,158 | 3917371 o041 1,008,371 | 1,617,874 | 2,626,246 | $114,269,439,099 $47,077,495,926 $281,179,855,761 $115,842,377,616 $162,919,873,542
2043 | 4,178,175 | 95.78% | 176,308 | 4,001,867 | 041 728,153 | 1,662,771 | 2,380,924 | $106,060,937,683 $42,423,011,677 $260,981,408,456 $104,389,208,508 $146,812,220,185
2050 4,194,888 | 96.98% | 126,691 | 4,068,196 | 041 523,235 | 1,680,165 | 2,203,400 | _ $100,488,955966 $39,023,583,123 $247,270,577,041 $96,024,322 517 $135,047,905,641
2051| 4,211,667 | 97.85% | 90,715 | 4120953 | 041 374,651 | 1,701,953 | 2,076,604 | $96,960,287,769 $36,556,573,380 $238,587,674,398 $89,953,815 305 $126,510,388,775
2052| 4,228,514 | 98.47% | 64,788 | 4,163,726 | 04l 267,575 | 1,719,619 | 1,987,194 | $94,993,849,824 $34,772,014,235 $233,748,911,366 $85,562,596 826 $120,334,611,061
2053 | 4,245428 | 98.91% | 46,187 | 4198241 | 04l 190,752 | 1,734,287 | 1,925,038 | $94,212,773,599 $33,481,655,599 $231,826,937,283 $82,387,444 675 $115,869,100,274
2054 | 4,262,410 | 99.23% | 32,883 | 4229506 | 04l 135,808 | 1,746,794 | 1,882,602 | $94,328,741,525 $32,546,474,441 $232,112,296,562 $80,086,268, 568 $112,632,743,009
2055 | 4279459 | 99.45% | 23,380 | 4256069 | 041 96,600 | 1,757,757 | 1,854,356 | $85,124,817,872 $31,865,190,867 $234,071,181,056 578,408,851 685 §110,275,042,552
2056 4296577 | 99.61% | 16,626 | 4275951 | 04l 68,666 | 1,767,620 | 1836285 | $96,439,726,322 $31,364,721,128 $237,306,742,299 577,178,358, 731 $108,543,079,859
2057| 4,313,763 | 99.73% | 11,813 | 4301951 o041 48,787 | 1,776,706 | 1,825452 |  $98,154,652,385 $30,992,679,547 $241,526,616,543 576,262,885 626 $107,255,565,173
2058| 4,331,018 | 9981% | 8390 | 4322628 041 34,651 | 1,785,245 | 1,819,897 |  $100,182,703,113 $30,711,692,966 $246,516,988,558 $75,571,469,210 $106,283,162,176
2059 | 4,348,342 | 99.86% | 5058 | 4,342,385 | 041 24,606 | 1,793,405 | 1,818,010 |  $102,460,745 367 $30,495,186,799 $252,122,508,264 $75,038,718,079 $105,533,904,878
2060 | 4,365,736 | 99.90% | 4,230 | 4,361,506 | 041 17,460 | 1,801,302 | 1,818,771 |  $104,043,211,768 $30,324,300,040 $258,231,049,184 $74,618,243 503 $104,942,552,633
TOTALS | 306,399,438 | 51,685,392 358,084,830 $11,215,005,473,340 | $7,036,432,031,760 | $27,508,688,749,005 | $17,314,366,460,173 | $24,350,798,491,933




Appendix F

Full Model: VMT Bull Case without AV Mandate

Note: Since the non-AV crash rate, average economic cost per accident, and average
societal cost per accident columns are the same for all models to conserve space they are not

shown. Refer to appendix A to see figures used.

Vehicle NomAY AV Crash
| == £y e ||| R | ey 8 W Economic Cost PV Economic Cast Societal Cost PV Societal Cost Total PV Costs
Traveled | Adoption Driven Driven million Accid Accid Accid
{Millions ) miles)
2020| 3,294949 | 0.08% | 3,202,378 | 2571 411 13,597,622 | 10,576 | 13,608,008 |  $306,456,399 582 4288,864,548,574 $754,089,342,792 $710,801,628,637 $999,666,078,210
2021| 3,324,274 | 011% | 3,320,719 | 3,555 411 13,714,570 | 14,604 | 13,720,174 | $316,541,580,838 | $280,680,396,694 $778,905,712,288 $712,809,066,023 | $1,002,489,462,717
2022| 3,353,860 | 0.15% | 3,308,945 | 4,915 410 | 13,831,142 | 20,152 | 13,851,204 | $325,957,008,827 $200,497,867,06 | $804,536,876,776 $714,820,594,586 | $1,005,318,461,793
2023| 3,383,710 | 020% | 3,376,914 | 5795 409 | 13,946,657 | 27,782 | 13,974,439 | $337,715,506,017 $201,316,362,113 $831,007,818,177 $716,934,643,852 | $1,008,151,005,965
2024| 3,413,825 | 028% | 3,404,433 | 9,391 207 14,060,310 | 38,252 | 14,008,562 | $348,824,172,674 4292,134,752,965 $858,342,627,141 $718,848,437,071 | $1,010,983,190,036
2025| 3,444,208 | 038% | 3,431,233 | 12,975 405 14,170,992 | 52,676 | 14,223,568 | $360,292,678,694 4202,950,918,645 $886,562,883,527 §720,856,754,868 | $1,013,807,673,513
2026| 3,474,861 | 052% | 3,456,944 | 17,017 102 14,277,180 | 72,089 | 14,349,268 | $372,127,500,904 $203,760,885,556 | $015,684,524,697 $722,849,818514 | $1,016,610,705,070
2027| 3,505,787 | 0.71% | 3,481,061 | 24,726 398 | 14,376,784 | 98,517 | 14,475,300 | $384,330,382,868 | $294,557,036,178 |  $945,711,840,991 $724,809,378,911 | $1,018,366,615,088
2028| 3,536,989 | 0.96% | 3,502,896 | 34,003 393 14,466,961 | 134,017 | 14,600,978 |  $396,893,695,597 $295,326,183,755 $976,626,059,353 $726,701,508,341 | $1,022,027,692,096
2029 | 3,568,468 | 132% | 3,521,516 | 46,952 386 | 14,543,863 | 181,153 | 14,725,016 | $408,791,704,372 $296,042,246,212 | 51,008,363,856,827 §728,463,504,725 | $1,024,505,750,937
2030 | 3,600,227 | 1.79% | 5,535,672 | 64,556 376 | 14,602,324 | 242,712 | 14,845,036 | $422,964,337,828 | $296,658,676,592 | 51,040,777,415,555 4729,980,338,029 | $1,026,639,015,621
2031| 3,632,269 | 2.44% | 5,543,704 | 88,566 363 14,635,497 | 321,182 | 14,956,679 | $436,287,537,389 | $297,000,583,207 | $1,073,561,468,407 $731,043,120,477 | $1,028,133,703,684
2032 | 3,664,597 | 3.31% | 3,543,451 | 121146 3.45 14,634,453 | 417,631 | 15,052,083 | $449,510,362,939 | $297,185,916,017 | 51,106,123,140,265 $731,277,703,457 | $1,028,463,619,474
2033 | 3,697,212 | A4.46% | 3,532,158 | 165054 321 14,587,812 | 529,513 | 15,117,325 | $462,213,719,841 $296,677,398,331 | 51,137,357,355,565 $730,026,407,129 | _$1,026,703,805,460
2034| 3,730,117 | 6.00% | 3,506,425 | 223692 289 | 14481534 | 646,836 | 15,128,370 | $473.560.151386 | $295,107,030,076 | S1165.277.226.444 $726,162,042,546 | $1,021,269,272,622
2035| 3,763,315 | 8.00% | 3,462,250 | 301065 748 | 14,299,051 | 746,040 | 15045,130 | $482,163,224,612 §291,716,680,472 | _51,186,445,586,405 $717,819,696,891 | $1,009,536,377,363
2036 3,796,808 | 10.58% | 3,395,238 | 401571 205 14,022,331 | 824,462 | 14,846,794 | $487,131,150,432 §2865,138,234,462 | 51,198,671,131,513 $704,092,958,956 $990,231,193.418
2037| 3,830,600 | 13.82% | 3,301,075 | 529,525 199 | 13,633,439 | 1051660 | 14,685,098 | 5493,293,333899 | $281,318,095442 | 51,213.834,158,694 $692,232,659,570 5973,550,955,012
2038| 3,864,692 | 17.81% | 3,175,326 | 688,366 190 | 13,118,226 | 1,310,435 | 14,428,661 | $496,214,606,645 §274,741,996,572 | $1,221,022,455,047 $676,050,530,891 $950,792,527,463
2039 | 3,899,088 | 2266% | 3,019,526 | 879,562 181 12,470,641 | 1,588,203 | 14,058,844 | _ $495,003,455 163 $266,088,748,895 | $1,218,042,209,895 $654,757,707,956 $920,845,456,851
2040 3,933,790 | 28.00% | 2,832,320 | 1,101,461 | 169 | 11,697,517 | 1,865,104 | 13,562,622 | _ $488,897,033,710 | 6255151695507 | $1,203,016,206,433 $627,845,183,548 $882,996,879,145
2041| 3,968,801 | 33.98% | 2,620,278 | 1348522 | 167 10,821,749 | 2,116,981 | 12,938,730 | $477,507,888,791 $241,949,307,061 | $1,174,891,321,857 $595,358,407,262 $837,307,714,322
2042| 4,004,123 | A0.24% | 2,392,676 | 1611447 | 144 9,881,751 | 2,321,204 | 12,200,955 | $461,072,204,399 | $226,817,016506 | $1,134,548,679,477 4558,122,770,954 4784,939,787,461
2043| 4,036,760 | 46.50% | 2,161,200 | 1,878461 | 131 8,026,164 | 2,463,205 | 11,389,360 | $440,573,932,008 | $210,420,563,641 | $1,084,108,889,005 $517,776,443,118 $728,197,006,759
2044| 4,075,713 | 5244% | 1,938,258 | 2,137,455 | 119 8,005,007 | 2,540,445 | 10,545,453 | $417,637,511,027 $193,656,311,844 | 61,027,669,830,506 | 5476,525,081,953 $670,181,393,797
2045| 4,111,087 | 57.84% | 1,733,776 | 2378212 | 108 7,160,493 | 2,561,775 | 9,722,268 | $394,200,312,764 $177,464,666,586 | 5969,998,522,420 $436,682,718,902 $614,147,385,488
2046| 4,128,435 | 62.52% | 1,547,138 | 2,581,207 | 0498 6,380,679 | 2,530,606 | 8,920,285 | $370,291,000,139 | 5161845,627,406 | $911,165716,186 $398,249,352,831 4560,004,980,237
2047| 4,144,949 | 66.45% | 1,390,464 | 2,754,485 | 090 5,742,616 | 2,476,901 | 8,219,516 | $349,321,960,258 | 5148,233,503,108 | $859,567,520,186 $364,754,350,343 4512,987,853,451
2048| 4,161,529 | 69.65% | 1,263,189 | 2,898,340 | 083 5,216,969 | 2,415,213 | 7,632,182 | $332,080,587,191 $136,812,805,015 $817,142,119,042 $336,651,733,688 $473,464,538,703
2049 | 4,178,175 | 72.17% | 1,162,599 | 3,015575 | 078 4,801,536 | 2,355,458 | 7,156,893 |  $318,316,288,823 $127,522,417,197 $784,503,002,834 $313,791,116,474 $441,313,533,671
2050 4,194,888 | 74.14% | 1,084,906 | 3,108,982 | 074 4,480,662 | 2,303,135 | 6,783,796 |  $309,383,971,817 $120,145,254,025 $761,203,144,134 4295,638,321,702 $415,783,575,727
2051| 4,211,667 | 75.64% | 1,026,057 | 3,185,610 | 071 4,237,614_| 2,060,447 | 6,498,061 | $303,405,816,857 $114,391,956,367 $746,582,852,715 $281,481,330,836 $395,873,287,203
2052| 4,228,514 | 76.77% | 982,248 | 3,046,266 | 069 4,056,684 | 2,027,529 | 6,284,213 | $300,404,300,949 | $109,961,462,223 $739,197,100,087 $270,579,328,391 $380,540,790,614
2053 | 4,245428 | 77.62% | 950,174 | 3,295254 | 067 3,924,219 | 2,203,437 | 6,127,656 | $299,891917 457 $106,576,608,601 $737,936,291,270 $262,250,306,558 4368,826,915,159
2054 | 4,262,410 | 78.25% | 927,104 | 3,335,305 | 066 3,828,940 | 2,186,800 | 6,015,740 | 5301421760586 | $104,000,281,020 | $741,700,736,722 $255,910,803,858 $359,911,084,877
2055 | 4279459 | 78.72% | 910,859 | 3,368,600 | 065 3,761,848 | 2,176,196 | 5,938,043 | $304,600,884,604 $102,039,113,798 | $745,545 671,326 $251,085,010,358 §353,124,124,156
2056 4296577 | 79.06% | 899,740 | 3396837 | 064 3,715,927 | 2,170,337 | 5,886,264 | 309,140,228 727 $100,540,487,134 $760,603,371,810 $247,397,378,453 $347,937,865,586
2057| 4,313,763 | 79.31% | 892,448 | 3,421,315 | 063 3,685,810 | 2,168,139 | 5,853,950 |  $314,760,237,660 599,386,661,180 $774,522,382,556 $244,558,188,746 $343,944,849,926
2058| 4,331,018 | 79.50% | 887,999 | 3,443,020 | 063 3,667,434 | 2,168,729 | 5,836,164 |  $321,272,439,249 598,488,264,004 $790,5465,788,713 $242,347,526,032 5340,835,790,036
2059 | 4,348,342 | 7963% | 885,655 | 3,462,688 | 063 3,667,754 | 2,171,423 | 5,829,178 |  $328,524,998 867 $97,778,238,609 $808,302,974,739 $240,600,384,893 $338,378,623,502
2060 | 4,365,736 | 79.73% | 884,868 | 3,480,868 | 063 3,654,503 | 2,175,605 | 5,830,198 |  $336,402,790,649 $97,206,689,348 $827,777,653,396 $239,193,088,395 $336,400,677,743
TOTALS | 402,786,203 | 66,187,152 | 458,073,355 | $15,737,000,707,221 | $8,838,243,888,235 | $38,725,845,560,464 | $21,748,038,331,723 | $30,586,282,210,958
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