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Key Takeaway

e Self-driving vehicles and drones present opportunities to
Improve, or worsen sustainability outcomes

* Depends on how they are used, and the conditions
surrounding their adoption

 This talk will present considerations for attaining
sustainability benefits while limiting potential negative
effects
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Our Food System is Unsustainable

* Food system contributes 19-29% of global
anthropogenic greenhouse gas (GHG) emissions?

e 11.8% of U.S. households were food insecure at
some time 20172

e Sustainability requires assessing
environmental, economic, and social
outcomes

Social /
1Vermeulen et al., Annu. Rev. Environ. Resour. 2012
2USDA ERS, Household Food Security in the United States in 2017
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Emerging Technologies will Shape Our
Food System

Heard et al., “Sustainability implications of connected and autonomous vehicles for the food supply chain.” Resources, Conservation and Recycling, 2018

* The food distribution industry is a likely early-adopter of self-driving vehicles and
drones
 Delivering often-perishable products on constrained timetables
* Potential for food loss reduction (lower distribution and storage times)
* Potential to increase food delivery capacity (e.g. 24/7 service from a vehicle)
* Potential for lower marginal cost of distribution (fuel savings, driver wages)

e Essential to take a systems sustainability approach
* Requires thinking about more that the technology’s direct effects

* Also how technologies may indirectly affect outcomes
* React to external factors
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Some Brief Definitions

* Connected and autonomous vehicles (CAVs)

* Connected: Vehicle-to-vehicle, vehicle-to-infrastructure, other
cooperative communications

e Autonomous: Self-driving; discussing more-independent levels
of self-driving capabilities

e Connection & autonomous capabilities expected to be
realized together

* Delivery Drones
* Battery-powered unmanned aerial vehicles (UAVs)
* Two main varieties: 1) Autonomous, 2) Remotely Piloted
* Discussion in this presentation applies to both

IEEE Spectrum; Credit: iStockphoto
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Food Supply Chain
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Food Supply Chain
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Production Regional Distribution Pre-Retail Distribution Grocery Store Retailing  Last-Mile Transportation Consumer
Center

e Early CAV adoption expected for long-haul trucking
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Food Supply Chain

Agricultural & Packaging

Production Regional Distribution Pre-Retail Distribution Grocery Store Retailing  Last-Mile Transportation Consumer
Center

e Early CAV adoption expected for long-haul trucking
e Self-driving vehicles expect for last-mile as well
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Food Supply Chain

Agricultural & Packaging

Production Regional Distribution Pre-Retail Distribution Grocery Store Retailing  Last-Mile Transportation Consumer
Center

e Early CAV adoption expected for long-haul trucking
e Self-driving vehicles expect for last-mile as well

e Drones likely to be deployed for last-mile delivery to consumer
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Pre-Retall Food
Distribution

CONNECTED AND AUTONOMOUS VEHICLES FOR FOOD DISTRIBUTION
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CAVs provide the Technical Capacity for
Efficiency & Environmental Improvements

* Particularly for trucking: 71% of U.S. food supply chain transportation emissions?
» Optimized routing, speed harmonization, vehicle light-weighting, among others?

* Platooning could reduce heavy truck energy intensity by 10-25%3

» Cooperative communications could reduce CO, emissions by 12%#*

However,

* Higher speeds may increase fuel consumption & CAV technology may increase energy
use?

* Unlikely, but important to ensure doesn’t dramatically reduce emissions savings

IWeber and Matthews, Environmental Science & Technology, 2008
Taiebat et al., Environmental Science & Technology, 2018

SWadud et al., Transp. Res. Part A, 2016

4Barth et al., Road Vehicle Automation, 2014
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CAVs in the Pre-Retail Food Supply Chain

* For perishable foods, optimized logistics could reduce time subject
to refrigerated storage, food losses

However,

* Widespread deployment may require increased numbers of data
centers

* Could displace rail or inland water (lower per-mile carbon & energy
Intensity than trucking)

e Electrification often assumed, not guaranteed
* Electrified CAVs increase importance of decarbonizing electricity grid
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The Potential for an Emissions Rebound Effect?

_ . o _ Emissions Reduction through Net Emissions Reduction
e Rebound effect: reduction in emissions savings | Efficiency Improvements

resulting from behavior change '
* Rebound effect from fuel efficiency for U.S.

tractor trailers estimated at 29.7 %1
* Rebound effects in UK road freight

transportation modeled ranging 21-137%?2

Emissions Increase through
Increased Vehicle Miles
Traveled

1Leard et al., Resources for the Future Working Paper, 2015
2Sorrell & Stapleton, Transp. Res. Part D, 2018
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CAV Distribution: Economic & Social
Implications

Heard et al., “Sustainability implications of connected and autonomous vehicles for the food supply chain.” Resources, Conservation and Recycling, 2018

e Potential to lower road fatalities: 4,761 deaths from large-truck related accidents in 2017, 12%
increase over 2007-20171

 Increased profits for distribution firms
 Efficiency savings, potential to increase volume of sales
» Marginal cost savings: driver wages accounting for 36% of truck operating costs?

e Labor market & unemployment effects
» Grocery & related products heavy and tractor-trailer truck driving employs over 63,000 Americans?

* Unemployment would have spillover effects on truck rest stops, related food & lodging businesses

 Overall employment outcome subject to relative displacement and reinstatement effects*

* Need to consider effective worker retraining programs, support for displaced workers

INational Center for Statistics and Analysis, 2019
2Grenzeback et al., NREL, 2013

3Bureau of Labor Statistics, 2016

4Acemoglu & Restrepo, NBER Working Paper, 2019
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Last-Mile Food
Distribution

CAVs AND DRONES FOR FOOD DISTRIBUTION
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Drone Delivery: Direct Environmental Implications

Stolaroff et al., “Energy use and life cycle greenhouse gas emissions
of drones for commercial package delivery.” Nature
Communications, 2018

» Tested a small quadcopter carrying 0.5 kg & a large octocopter
carrying an 8 kg package
* Model warehouse placement & operation, different regions of U.S.

Results:

* Smaller drone has lower GHG emissions than truck delivery
(23%-54% reduction)

* Mixed results for large drone

* Charged with low-carbon electricity: 9% lower emissions than
delivery truck; higher than delivery truck on U.S. average
electricity mix (24%)

* Both have lower emissions in all scenarios than using a
personal VehiC|e tO piCk—Up a Single package Large drone tested, http://www.turboace.com/infinity-

* Food delivery likely on a large drone (12-inch pizza: 0.72 kg, 9pro_octocopter.aspx
excluding box)

Small drone tested, https://3dr.com/support/articles/iris/
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http://www.turboace.com/infinity-9pro_octocopter.aspx

Drone Delivery Economic & Social

Implications

e Similar profit, employment, and accident
considerations as CAVs, but for last-mile

e Zoning issues & urban planning
considerations with drone flight and
supporting warehouses

* FAA currently approving drone delivery pilot
projects

» Stolaroff et al. found practical delivery range to be
4 km

e Social acceptability issues
* Noise
e Safety concerns/military associations

brheard@umich.edu
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CAVs for Last-Mile Distribution

 Self-driving vehicle efficiency gains could also be attained for last-mile
delivery

e Similar accident and employment considerations
* Potential for rebound effect from impulse-purchasing

e Can displace consumer round-trip travel to store in personal vehicle
* Enabling e-commerce and home-delivery

e Conventional home-delivery: 18-87% emissions reduction possible,
depending on delivery model?

* E-commerce with home-delivery could displaces burdens from grocery
retailing (overstocking food losses, retail refrigeration emissions)?

1Siikavirta et al., Journal of Industrial Ecology, 2003

2Heard et al., Resources, Conservation, and Recycling, 2019
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Direct-to-Consumer Delivery and Diet

* Potential to mitigate effects of local limited healthy food availability

(e.g. “food deserts”)
* Especially if paired with SNAP assistance for grocery home-delivery (current

pilot program in New York)

e Transportation mode could affect types of food delivered
(nutritional & environmental implications)
* Increased convenience for “fast foods”

e Transportation is 11% of food’s life cycle emissions, production comprises
83%1

1 Weber & Matthews, Environmental Science & Technology, 2008
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Key Considerations

* Self-driving vehicles and drones cou/dimprove sustainability
outcomes under the right conditions (not guaranteed)

* Relies on decarbonizing electricity grid

 Limiting rebound effects

-dLa?_rge potential emissions reductions from e-commerce & home-
elivery

* Could have positive or negative dietary effects

* Must prepare to address economic & social implications

* Employment considerations, zoning for drones and
warehouses

* Considering these technologies from a systems sustainability
perspective
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Connected and Autonomous Vehicles Drone Delivery

+ Fuel savings from efficiency improvements (e.g.
optimized routing, speed harmonization, vehicle
light-weighting, platooning, cooperative
communications)

Lower food losses, storage time

Potential for e-commerce and home delivery

+ Lower-emissions than personal vehicle
+  Potential for e-commerce and home delivery

- Emissions savings compared to trucks less-likely
for larger drones (dependent on electricity
carbon-intensity)

- Warehouse requirements

Potential for rebound effect

+

- Emissions increases from higher speeds
- Energy draw from onboard technology

- Need for data centers
Potential for rebound effect

Connected and Autonomous Vehicles Drone Delivery

+ Potential for reduced road fatalities
+ Increased profitability for distribution firms
+ Potential for increase food access

+ Potential for reduced road fatalities
+ Increased profitability for distribution firms
+ Potential for increased food access

Labor market and unemployment effects
Potential for urban planning & zoning difficulties
Noise, consumer acceptance

- Labor market and unemployment effects

Thank you!

Any QueSUOnS? Graphic adapted from Morteza Taiebat
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Appendix Slides
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Framework for Analyzing Transformative Technologies

Intrinsic Factors Indirect Factors

= Efficiency and = Technology displacement
functionality change = Behavior change

= Spatial effects = Rebound effects

= Infrastructure change = Changes to supply chain

=  Resource criticality

\ )

External Factors
Tr_zla_;\s;c:]rglljtlve Existing System : =  Exogenous system effects
gy =  Policy and regulatory
effects
-/ Miller and Keoleian, Environmental Science & Technology, 2015
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Early Assessments Can Inform the Most-
Sustainable Use of Technologies

e Data limitations: these technologies have not been widely deployed in a commercial setting
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Stage of Design Process Graphics Credit: Shelie A. Miller
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Global Positioning Systems (GPS): Locate

the vehicle by using satellites o criangulace its
position, Although GPS has improved since the
2000s, it is only accurate within several meters.

Ultrasonic sensors: Provide shor

distance dara thar are rypically used in
parking assistance systems and backup
wiarning systems.

Prebuilt Maps: Sometimes utilized o
correct inaccurate positioning due to
errors that can occur when using GI'S
and INS. Given the constraints of
mapping every road and drivable
surface, relying on maps limits the
routes an AV can take.
Dedicated Short-Range Communication
(DSRC): Used in Vehicle to Vehicle {¥2V)
and Vehicle to Infrastructure (V21) systems o
send and receive critical data such as road
conditions, congestion, crashes, and possible
rerouting. DSRC enables platooning, a train

of vehicles thar collectively travel together.

4

Light Detection and Ranging (LIDAR): A 360-degree

sensor that uses light beams to determine the distance
between obstacles and the sensor,

Cameras: Frequently used inexpensive technology,
however, complex algorithms are necessary to
interpret the image data collecred.

Radio Detection and Ranging
(RADAR): A sensor thar uses radio
waves to determine the distance
between obstacles and the sensor.,

Infrared Sensors: Allow for the

detection of lane markings,

Inertial Navigation Systems (INS): pedestrians, and bicycles thae are

Typically used in combination with
GPS o improve accuracy. INS uses

gyroscopes and accelerometers to
determine vehicle position,
orientation, and velocity.

hard for other sensors 1o detect in
low lighting and cerrain
environmental conditions.
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a radio receiver is.an eleoironic device that recehves. redio waves
and converts the information cantied by them io a usable floem.

DU IO BT
a 1 Sevice

BATTERY

A Bthium polyreer battery,

o more cormectly lith jon polymer battery
(abbreviated vanously as LiPo, LIF, Li-poly and others),
18 & rechaspaakily Battery

o Eighism-lon technolopy in 8 pouchiiorman,

ON BOARD COMPUTER

The inbegration of the gyroncont Rad allowed Sof mon
scourste necognition of movernent wishin 3 30 space

yvoioops In condumer electronkcs ace insquently comblned with sooslerometers
acceberation sensors) for more okt dinection- and metion-sensing

=
ELECTRICMOTOR

Th banic ldea of an electric motor

i really simple- you put electricity into

it at oo end and an aode metal rod)

rotaies ot the other end ghiving you the power
A0 drive & Enachin of 30me kind

PROPELLER

An aircralt propeller comeerts rotary motion
e
2 provide propulsive for
h a0 attached P
blades wuch that the whole assembly mtates about 3 lengitudinal axis

ESC

An chectronks speed condnod or ESC is an ebecironkc
circult with the purpass to vary an
ehectric mobor's 5

pewd,
its: dineCtion and poasibly also to
BOL 3% B chynaemi braks.

CAMERA Aquadcopter, alus called a quadrater helicopter o quadrater,
A digieal ingle-beers reflet camer Is a multirotor helicopter that is lifted and propelled by four rotors.
s a dipital camena combining the optics and the Quadeopters are classified as rotorcraft, as oppesed to fixed-wing alreraft,
mechanizms of a single-bens refles camera with becausa thair lift is penerated by a sot of rotors [vertically oriented propallers).
adigitsl imaging senaar,

s opposed 10 photograptic fikm Quadcopters generally use two pairs of identical fixed pitched propeliers; twa clockwize (CW)
and two counter-clockwise (COW). These use independent variation
of the speed ofench rotor to achleve control. By changing the speed of each rotor it Is possible

0 S

cifically generate a desired total thrust; to locate for the centre of thrust
FHDD“[:”I]HS both Inlrmlly and longrtudinally; and to create a desined total torque, or turning force.
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https://uavcoach.com/infographic-drones-work/

Automation

Zero autonomy; the
driver performs all
driving tasks.

Assistance

Vehicle is controlled by
the driver, but some
driving assist features
may be included in the
vahicle design.

SOCIETY OF AUTOMOTIVE ENGINEERS (SAE) AUTOMATION LEVELS

Automation

Vehicle has combined
automated functions,
like acceleration and
steering, but the driver
must remain engaged
with the driving task and
monitor the environment
at all times.

Conditional

Automation Automation

The vehicle is capable of
performing all driving
functions under certain
conditions. The driver
may have the option to
control the vehicle.

Driver is a necessity, but
is not required to monitor
the environment. The
driver must be ready to
take control of the
vehicle at all times
with notice.

Full Aaptomation

Full
Automation

The vehicle is capable of
performing all driving
functions under all
conditions. The driver
may have the option to
control the vehicle.
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Z. Wadud et al./ Transportation Research Part A 86 (2016) 1-18

Platooning -

Eco-driving

Congestion mitigation
De-emphasized performance
Improved crash avoidance
Vehicle right-sizing

Higher highway speeds
Increased features

Travel cost reduction

Mew user groups -
Changed mobility services -

Infrastructure footprint® l

-60% -50% -40% -30% -20% -10% O% 10% 20% 30% 40% 50% 60%
% changes in energy consumption due to vehicle automation

Fig. 1. Summary of estimated ranges of operational energy impacts of vehicle automation through different mechanisms (“please see Appendix A for
lifecycle infrastructure impacts, which has not been considered in later calculations due to our focus on operational impacts).
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Fig. 5 Comparison of life-cycle greenhouse gas emissions per package delivered for drone and ground vehicle pathways under base case assumptions. The
analysis focuses on the final delivery of the package, after the package is delivered to the regional warehouse, Emissions from battery and fuels production,
as well as fuels combustion and electricity production required for transportation and warehousing, are included. The range of regional greenhouse gas
CGHG) intensities of electricity in the L5, is represented by comparing results from low-carbon California to relatively high-carbon Missouri. Additional
warehousing requirements for drone and van pathways are included. The results show that small guadcopter drones across all ULS. regions have lower life-
cycle GHG emissions than conventional delivery trucks powered by diesel and natural gas, electric vehicle (EV) trucks in most regions, and gasoline-
powered vans. Large octocopter drones are shown to have lower GHG emissions than diesel and natural gas vehicles only when charged with low-carbon
electricity. Both small drones and large drones are shown to have lower GHG emissions than use of a personal vehicle to pick-up a single package.
Mumerical values of these results are presented in Supplementary Tables 13-17

olaroff et al. "Energy use and life cycle greenhouse gas emissions of drones
for commercial package delivery.” Nature Communications, 2018
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Society

Urban System A

Higher Uncertainty, Complexity, and Influence

(]
* Vehicle operation * Infrastructure implications
* Vehicle design * Integration of CAVs with
* Hlectrification power systems
* Platooning * Land use
* Travel costimplications * Behavioral response & travel
* Changed mobility services pattern shift _
* Vehicle utilization * Shared consumption
* Congestion & road capacity * Transformation of other sectors

* Workforce impacts

Figure 1. Levels of interactions between CAVs and the environment
and corresponding major influence mechanisms.

Taiebat et al., “A Review on Energy, Environmental, and Sustainability Implications of
Connected and Automated Vehicles.” Environ. Sci. Technol, 2018
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Research
opportunities

Vehicle operation

\“—— Vehicle design

Infrastructure

Integration with
power systems

Electrification

Flatooning x | Land use

//* Traval-cost "I}" Behavioral response

Mobility services ., i ~:;.f:;:'f........., Shared economy

Transformation

Vehicle utilization " &% e, )
4 o of other sectors

Congestion & " Workforce impacts
road capacity

Transportation .
System Society

Figure 3. Interactions and linkages between system levels that entail energy, environmental, and sustainability impacts. The linkages are illustrative
and not necessarily exhaustive.

Taiebat et al., “A Review on Energy, Environmental, and Sustainability Implications of
Connected and Automated Vehicles.” Environ. Sci. Technol, 2018
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Figure 5 |

Handling Processing Distribution
and Storage and Packaging and Market

Production

® Developing Countries
Developed Countries

i

Note: Number may not sum to 100 dus to rounding.

Source: WRI analysis based on FAQ. 2011. Global food losses and food waste—aenxdent, causes and prevention. Rome: UN FAD.

Lipinski, B. et al. 2013. “Reducing Food Loss and Waste.” Working Paper, Installment 2 of
Creating a Sustainable Food Future. Washington, DC: World Resources Institute. Available
online at http://www.worldresourcesreport.org.
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TABLE 1. Energy and Greenhouse Gas Emissions Per ton-km
for Different Modes of Transport®

MJ/t-km  t COzeft-km x 10°  source

inland water 0.3 21 (23)
rail 0.3 18 (23)
truck 2.7 180 (23)
air? 10.0 6807 (25)
oil pipeline 0.2 16 (23,24)
gas pipeline 1.7 180 (23,24)
int. air? 10.0 6807 (25)
int. water container 0.2 14 (26)
int. water bulk 0.2 11 (26)
int. water tanker 0.1 7 (26)

2 CO, emissions were used as an indicator for the radiative
forcing effects of aviation, which are actually higher than just
CO, emissions (27).

Weber and Matthews, “Food-Miles and the Relative Climate Impacts of Food
Choices in the United States.” Environmental Science & Technology, 2008
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E-Commerce & Home Delivery:
Circumventing Brick-and-Mortar Retail

Heard et al. “Comparison of life cycle environmental impacts from meal kits and grocery store meals.” Resources, Conservation, and Recycling, 2019

« Meal kits are an illustrative example
« Meal kits are delivered in a box containing pre-portioned, often individually-packaged food and a recipe

* Ordered and obtained five meal kits and equivalent grocery store meals, modeled supply chains

« Meal kits average 33% lower life cycle GHG emissions?
* No retailing emissions (refrigeration, overstocking and food loss), improved last-mile efficiency

Agricultural & Packaging

Production Regional Distribution Pre-Retail Distribution Grocery Store Retailing  Last-Mile Transportation Consumer
Center

= % = I';I_'@ = @ £o > - @/I‘

Meal Kit Processing
Facility

Agricultural & Packaging
Production

Pre-Retail Distribution Package Delivery Consumer
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Meal Kit Grocery Store Meal

Total Emissions

25
20

15

Scenario
B Meal Kit

+ B Grocery Store
10

Grocery Meal Emissions Exceed Those for Meal Kits: 5 * +* + +

4 out of 5 Meals, on average 33% higher (2 kg CO,e/meal)

Emissions (kg CO.e)

Cheeseburger Chicken Pasta Salad

Emissions reductions in part by: Samon

e Last-mile delivery (0.45 kg CO,e/meal) Mea

e Circumventing brick-and-mortar retail (1.05 kg
CO,e/meal)

Heard et al. “Comparison of life cycle environmental impacts from meal Kits
and grocery store meals.” Resources, Conservation, and Recycling, 2019
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