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1. Autonomous Vehicles Supplementary Information 94 

According to the National Highway Traffic Safety Administration, there are six levels of vehicle automation as shown in 95 

Supplementary Table 1. Level 0 is the minimum level with no autonomy and involves full driver control. On the other hand, level 5 is 96 

the maximum level of autonomy, entails 100% autonomy and does not include any driver contribution. It is also referred to as a fully 97 

autonomous vehicle.  98 

Supplementary Table 1 | Levels of Vehicle Automation (NHTSA) 1. This table briefly summarizes the levels on autonomy and what 99 

tasks are automated within each autonomy level. 100 

Level of vehicle automation Description
Zero The human driver does all the driving. 

One An advanced driver assistance system (ADAS) on the vehicle can 
sometimes assist the human driver with either steering or 

braking/accelerating, but not both simultaneously. 

Two An advanced driver assistance system (ADAS) on the vehicle can 
control both steering and braking/accelerating simultaneously under 

some circumstances. The human driver must continue to pay full 
attention (“always monitor the driving environment”) and perform the 

rest of the driving task. 

Three An automated driving system (ADS) on the vehicle can perform all 

aspects of the driving task under some circumstances. In those 
circumstances, the human driver must be ready to take back control 
at any time when the ADS requests the human driver to do so. In all 

other circumstances, the human driver performs the driving task. 

Four An automated driving system (ADS) on the vehicle can perform all 

driving tasks and monitor the driving environment to do all the driving 
– in certain circumstances. Humans need not pay attention in those 
circumstances. 

Five An automated driving system (ADS) on the vehicle can do all the 
driving in all circumstances. The human occupants are just 

passengers and need never be involved in driving. 

101 

Autonomous vehicles require four types of inputs for commuting: location, perception, prediction, and planning 2. Starting with 102 

location, Sensors must be physically compatible with the vehicle's location on the map concerning nearby objects. For perception, 103 

Sensors must be able to detect a wide range of objects, including traffic signals and various forms and colors of signs. Other vehicles, 104 

people, animals, and lane markings are also revealed. For prediction, Algorithms for advanced engineering and machine learning systems 105 

examine all data to conclude what is the best decision to make in terms of accelerating, decelerating, or any other necessary action. 106 

Finally, for planning, the autonomous vehicle system must build on the inputs and utilize behavior prediction software to figure out 107 



what the vehicle will do next by considering all the previously listed sorts of data. Autonomous vehicles require distinct components to 108 

commute, those components are shown in Supplementary Supplementary Table 2.  109 

Supplementary Table 2 | Autonomous vehicle components. This table summarizes components within autonomous system and 110 

what purpose each components takes within the automation of driving. 111 

Autonomous system component Description

Light Detection and Ranging (LIDAR) 

estimates the distance between the sensor and other objects, and it employs light beams (millions of laser pulses per second). 
The time it takes for light to reflect off a surface and return is measured by LIDAR. Based on the distance they can measure, 
there are three varieties of LIDAR for autonomous vehicles: short, mid, and long-range depending on how far objects can be 
detected

Ultrasonic Sensors
Ultrasonic sensors fitted on the vehicle offer information about items in the immediate vicinity. This sort of information is widely 
used in parking assistance, backup alarms, and blind-spot detection systems

Infrared Sensors
Infrared sensors detect lane lines, people, bicycles, and other objects that other sensors may struggle to detect in low light (at 
night) or specific scenarios (weather conditions such as rain)

Cameras The vehicle's cameras detect both moving and stationary objects 

Radio Detection and Ranging (RADAR)
A sensor that measures the distance between obstacles and the sensor using radio waves. 

Software and Central Processing Unit (CPU) 

Deep learning, sensor fusion, and surround vision are all combined in software & CPU. Other integrated functions include: 

A- Global Positioning System (GPS): GPS triangulates a vehicle's location using satellites. One useful definition is Inertial 
Navigation Systems (INS), which use gyroscopes and accelerometers to determine a vehicle's location, orientation, and 
velocity. INS and GPS are frequently combined to increase accuracy. 

B- Prebuilt Maps: When utilizing GPS and INS, these are utilized to correct location mistakes. 

C- Dedicated Short-Range Communication (DSRC): a wireless communication system that allows automobiles to connect and 
other road users 3. 

D- Vehicle to Everything (V2X) It also aids drivers in recognizing possible risks ahead, even if their vision is impaired 4. 

Adaptive Cruise Control (ACC) 
a system that is controlled by the autonomous vehicle system to automatically adjust the vehicle’s speed based on the speed of 
the vehicle in front of it.  

 5–8 112 

113 

114 

Supplementary Table 3 | Autonomous vehicles' material composition (Per vehicle). This table summarizes the material composition 115 

for each vehicle brand considered in this study. 116 

Reference name Iron ores 

(Kg) 

Copper ores 

(Kg) 

Nickel Ores 

(Kg) 

Aluminum ores 

(Kg) 

Glass (Kg) Plastic (Kg) Cobalt (Kg) Manganese (Kg) Magnesium (Kg) 

China  372 129 56 393 49 653 19 19 6 



Japan 1 501 173 71 525 65 766 24 24 8 

Japan 2 384 135 63 409 51 587 21 21 6 

India 350 117 37 356 45 535 12 12 6 

Korea 500 169 60 514 65 765 20 20 8 

US 1 528 188 94 568 70 807 31 31 8 

US 2 480 169 80 512 63 734 27 27 8 

Mexico 171 59 25 180 23 262 8 8 3 

Germany 1 491 166 58 504 63 752 19 19 8 

Germany 2 531 185 82 561 70 812 27 27 9 

Turkey 426 155 87 467 57 650 29 29 7 

France 394 136 57 414 52 603 19 19 6 

117 

118 

2. Survey Results 119 

120 

Supplementary Table 4 | Demographics of the respondents. This table shows the demographic characteristic, and categories, 121 

frequency and percentage of each category in the sample n=330 samples122 

Demographic 
Characteristic

Category Frequency Percentage (%) 

Age group 
18 to 19 
20 to 24 
25 to 29 
30 to 34 
35 to 39 
40 to 44 
45 to 49 
50 to 54 
55 to 59 

60+

9 
55 
38 
44 
48 
49 
35 
33 
15 
4

2.7 
16.7 
11.5 
13.3 
14.5 
14.8 
10.6 
10.0 
4.5 
1.2

Marital status 
Single 

Married 
Married with children

108 
85 
137

32.7 
25.8 
41.5

Employment 

Full-time employee 
Part-time employee 

Student 
other

261 
22 
39 
8

79.1 
6.7 
11.8 
2.4

Education level 

High school 
Diploma 

Bachelor’s 
Graduate (Master’s/PhD)

26 
27 
178 
99

7.9 
8.2 
53.9 
30.0

Less than 20,000 206 62.4



Income level (QAR)
20,000 to 40,000 

Over 40,000
81 
43

24.5 
13.0

Individuals of 18 years or 
older in household 

1 to 2 
3 to 4 

5 and over 

154 
91 
85 

46.7 
27.6 
25.8 

Cars in Household 
0 

1 to 2 
3 to 4 
Over 4

14 
195 
83 
38

4.2 
59.1 
25.2 
11.5

Driving experience (years) 
0 

1 to 2 
3 to 5 
6 to 10 
Over 10

12 
15 
38 
77 
188

3.6 
4.5 
11.5 
23.3 
57.0

Vehicle’s ownership 
Yes 
No 

290 
40 

87.9 
12.1 

123 

124 

125 

126 

127 

128 

129 

130 

131 

(a)                                                                                                                        132 



133 

134 

135 

136 

137 

138 

139 

(b)                                                                                                             140 



141 

Supplementary Figure 1 | Cluster bar charts for covariate demographic characteristics of respondents. a, Cluster bar chart for age, education and 142 

average income of respondents. b, Cluster bar chart for marital status, type of employment and average income of respondents. This figure examines covariance 143 
between the different demographics among the respondents.144 

145 

146 

147 

148 

149 

150 



The following list provides the questions asked to the respondents and the choices whether they were provided with each question: 151 

Section 1: Demographics 152 

1. Age?   153 

2. Marital status ?  (Married with children, Married or Single) 154 

3. Type of employment?  (Full-time employee, Part-time employee, Student, Unemployed, Housewife, or Other) 155 

4. Highest education level?   (High school or less, Diploma degree, Bachelor’s degree or Graduate (Masters or PhD)) 156 

5. Average income per month?  (< 5,000 QR, 5,000-10,000 QR, 10,000-20,000 QR, 20,000-40,000 QR, or More than 40,000 QR)  157 

6. Number of individuals (including yourself) above 18 years old in your household?    158 

7.  Total number of cars in your household?   159 

160 

Section 2: Commuting behavior 161 

1. Number of years of driving experience?    162 

2. Do you own a car?  (Yes or no) 163 

3. Average traveled distance per year?   (<10,000 KM, 10,000- 20,000 KM, 21,000- 30,000 KM, 31,000- 40,000 KM, or >40,000 164 

KM) 165 

4. How Much you are willing to pay to buy a new car?  (20,000- 40,000 QR, 40,000- 80,000 QR, 80,000- 160,000QR, 160,000- 166 

320,000QR or more than 320,000 QR) 167 

5. For what purpose do you travel most by car (work, shopping, social, escort)?    168 

6. On average how many kilometers do you travel per work trip?  (5, 10, 15, 20, 25, 30, or not applicable) 169 

7. On average what is the total travel time per day that you commute from home to work (only answer if you use a private car otherwise 170 

skip this question)?  (Less than 10 min, 10-20min, 21-30min, 31-40min, or more than 40min) 171 



8. What mode of travel do you mainly use for daily commute?  (Bicycle, Bus, Metro, Private car (Driver), Private car (Passenger), Taxi, 172 

or walk) 173 

Section 3: Autonomous vehicles 174 

1. How much did you know about AV?  (First time I heard about it, A simple background from (social media, newspaper, or the internet), 175 

A good background (knowing some of its properties), or a strong background (knowing what kind of technology is used in AV)) 176 

2. Select one statement representing your perception of the safety of AV: 177 

A- Generally, AVs are safe, but I have a minor concern that something could go wrong 178 

B- I am opposed to using AV unless I can override the control manually 179 

C- I have no concerns about AV safety 180 

D- I need to know a lot about AVs and their safety perforce 181 

E- I think AVs are not safe and should not be allowed 182 

2. Introducing AV will reduce the congestion on the roadways.  (Strongly disagree, Disagree, Neutral, Agree or strongly disagree) 183 

3. Introducing AV will reduce fuel consumption.  (Strongly disagree, Disagree, Neutral, Agree or strongly disagree)  184 

4. Introducing AV will reduce travel time.  (Strongly disagree, Disagree, Neutral, Agree or strongly disagree)  185 

5. Introducing AV will reduce parking costs.  (Strongly disagree, Disagree, Neutral, Agree or strongly disagree)  186 

6.  AV can encourage me to travel on long-distance trips more often.  (Strongly disagree, Disagree, Neutral, Agree or strongly disagree) 187 

7. AV can allow me to visit places that I find difficult to reach through a regular car.  (Strongly disagree, Disagree, Neutral, Agree or 188 

strongly disagree)  189 

8. AV can make my travel more comfortable. (Strongly disagree, Disagree, Neutral, Agree or strongly disagree)  190 

9. AV can eliminate human errors causing vehicle accidents.  (Strongly disagree, Disagree, Neutral, Agree or strongly disagree) 191 

10. I have concerns about securing the autonomous driving system from computer hackers.  (Strongly disagree, Disagree, Neutral, Agree 192 

or strongly disagree)  193 



11. I have concerns about the possibility of accidents between regular cars and autonomous vehicles.  (Strongly disagree, Disagree, 194 

Neutral, Agree or strongly disagree)  195 

12. I have concerns about the increase in maintenance cost in terms of (updating the computer system of the AVs and changing 196 

equipment’s costs). (Strongly disagree, Disagree, Neutral, Agree or strongly disagree)  197 

13. I have concerns about the performance of autonomous vehicles in harsh environmental conditions (such as during rainy weather 198 

conditions) (Strongly disagree, Disagree, Neutral, Agree or strongly disagree)  199 

14. Would you switch to using an autonomous vehicle if both regular and autonomous vehicles have the same travel time and travel 200 

cost? (Yes or no) 201 

15. If you don’t own a driver's license yet, or not able to drive (elderly/person with a disability), or currently use another mode choice 202 

such as (public transport or taxi) would you switch to use autonomous vehicles?  (Yes or no)  203 

16.  If you own an autonomous vehicle, how would your travel distance change have compared to your current travel patterns?  (No 204 

change, Slight increase (10-20% more), Slight increase in distance (10-20% more), Moderate increase (20-50% more in distance), 205 

Moderate increase in distance (20-50% more ), Considerable increase (50%-100%), Considerable increase in distance (50%-100%), 206 

Significant increase (at least 2 times more), Significant increase in distance (at least 2 times more)) 207 

208 

209 

210 

211 

212 

213 

214 

215 

216 



2.1 Annual Travelling Distances Analysis 217 

218 

219 

Supplementary Fig. 2 | Histogram of annual traveling distance. n=330 samples. This figure highlights how the respondents are 220 

distributed among annual traveling distance categories. 221 

222 



223 

Supplementary Fig. 3 | Histogram of rebound effect. n=330 samples. This figure highlights how the respondents are distributed 224 

among rebound effect categories. 225 

226 

The annual rebound-adjusted traveling distance is calculated on three levels as follows: 227 

1- Minimum rebound-adjusted annual traveling distance (MiRAATD): derived from multiplying the lower bound (LB) of the 228 

annual traveling distance and lower bound of rebound effect as follows in equation (1):229 

𝑀𝑖𝑅𝐴𝐴𝑇𝐷 = (𝐴𝑇𝐷)𝐿𝐵 × (𝑅𝐸)𝐿𝐵230 
(1) 231 

Where ATD: Annual traveling distance; RE: Rebound effect 232 

2- Average rebound-adjusted annual traveling distance (ARAATD):  obtained using average annual traveling distance and 233 

average rebound effect in ARAATD=(ATD)Avg × (RE)Avg234 

            (2)  ). 235 
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ARAATD = (ATD)Avg × (RE)Avg             (2) 236 
237 

3- Maximum rebound-adjusted annual traveling distance (MRAATD):  results of multiplication of the Upper bound (UB) of the 238 

Annual traveling distance and the Upper bound of the rebound effect as highlighted in equation (3).239 

240 
MRAATD = (ATD)UB × (RE)UB (3)  241 

242 

Due to the limited amount of data points of 330, Bootstrapping was done on the three sets of minimum, average, and maximum 243 

rebound-adjusted annual traveling distances by using sampling with replacement. Bootstrapping involved resampling a single dataset to 244 

produce a massive number of simulated samples. For each of the three sets, 330 values of rebound-adjusted annual traveling distances 245 

are sampled with replacement from the original rebound-adjusted annual traveling distance sets of 330 values each. The generated 330 246 

values form one sample. Then, the average of the generated sample was calculated. This procedure was repeated to generate 10,000 247 

sample averages using Python. Error! Reference source not found. Supplementary Supplementary Fig. 4 summarizes our 248 

bootstrapping results shown within a box and whisker plot. These three sets are of vital importance due to their use in estimating the 249 

rebound effect as well as estimating service life for autonomous vehicles. Furthermore, the bootstrapping procedure was also done on 250 

the original minimum, average, and maximum annual traveling distances to estimate the service life of battery electric vehicles. Then, 251 

the difference in the service life between autonomous and non-autonomous vehicles is used to estimate a percentage decrease in service 252 

life due to the rebound effect. This percentage represents the rebound effect which is calculated as in 𝑅𝐸=253 

(
𝑀𝑉𝑀

𝐺𝐴𝑇𝐷𝑆𝐴
)−   𝑀𝑉𝑀𝐺𝑅𝐴𝐴𝑇𝐷𝑆𝐴𝑀𝑉𝑀𝐺𝐴𝑇𝐷𝑆𝐴254 

﷧                                                                                                                                                                                                                                                           ( 4).  255 

256 



257 

Supplementary Fig. 4| Minimum, average, and maximum annual rebound-adjusted traveling distances after bootstrapping. Box 258 

plots descriptive statistics are termed as follows: Minimum→ Min, Maximum→ Max, 1st quartile→1Q, 3rd quartile→ 3Q, Interquartile 259 

range→ IQR, Lower whisker→ LW, Upper whisker→ UW. For Minimum rebound-adjusted distances averages: Min=16459, Max= 260 

24386, 1Q= 19179, 3Q= 20486, IQR= 1307, LW= 17219, UW= 22447. For Average rebound-adjusted distances averages: Min= 261 

23494, Max= 31690, 1Q= 26416, 3Q= 27866, IQR= 1449, LW= 24243, UW= 30039. For Maximum rebound-adjusted distances 262 

averages: Min= 30967, Max= 40605, 1Q= 34334, 3Q= 35982, IQR= 1647, LW= 31863, UW= 38453 263 

264 

𝑅𝐸 =
((

𝑀𝑉𝑀

𝐺𝐴𝑇𝐷𝑆𝐴
)−(

𝑀𝑉𝑀

𝐺𝑅𝐴𝐴𝑇𝐷𝑆𝐴
))

(
𝑀𝑉𝑀

𝐺𝐴𝑇𝐷𝑆𝐴
)

( 4)265 

Where RE: Rebound effect; MVM: maximum vehicle milage (assumed to be 300,000 Km); GATDSA: generated annual traveling distances samples 266 
average; GRAATDSA: generated rebound-adjusted annual traveling distances samples average.  267 

268 



The following table summarizes the annual traveling distance sets. The minimum, average, and maximum annual traveling 269 

distances are extracted from the survey, where each reading reflects the participant’s annual traveling distance values. As for minimum, 270 

average, and maximum annual traveling distance sample averages, they were extracted from carrying the bootstrapping simulation on 271 

the three original distances sets extracted from the survey. Lastly for minimum, average, and maximum rebound-adjusted annual 272 

traveling distance sample averages, we took the three original distances set, adjusted them with the rebound effect to reflect the increased 273 

annual travel due to autonomy, and then applied bootstrapping simulation.274 

Supplementary Table 5 Summary of annual traveling distances. This table demonstrates the findings of the traveling distances 275 

analysis for original 330 point data sets as well as 10,000 samples produced from bootstrapping.276 

Distance distribution n Mean Standard 
deviation 

Minimum Median Maximum 

Minimum annual traveling distance 330 19,836 17,496 0 20,000 120,000 

Average annual traveling distance 330 27,171 19,439 5,000 25,000 135,000 

Maximum annual traveling distance 330 35,182 21,873 10,000 30,000 150,000 

Minimum annual traveling distance sample average 10,000 16,570 644 14,134 16,565 18,936 

Average annual traveling distance sample average 10,000 21,576 639 19,316 21,565 23,997 

Maximum annual traveling distance sample average 10,000 26,574 640 24,407 26,565 29,027 

Minimum rebound-adjusted annual traveling distance sample average 10,000 19,842 967 16,459 19,812 24,386 

Average rebound-adjusted annual traveling distance sample average 10,000 27,158 1076 23,494 27,130 31,690 

Maximum rebound-adjusted annual traveling distance sample average 10,000 35,170 1218 30,967 35,146 40,605 

277 



278 

Supplementary Fig. 5| Minimum annual traveling distance sample average histogram. n=10,000 samples 279 



280 

Supplementary Fig. 6 | Average annual traveling distance sample average histogram. n=10,000 samples 281 



282 

Supplementary Fig. 7 | Maximum annual traveling distance sample average histogram. n=10,000 samples 283 

284 



285 

Supplementary Fig. 8 |  Minimum rebound-adjusted annual traveling distance sample average histogram. n=10,000 samples286 

287 



288 

Supplementary Fig. 9 | Average rebound-adjusted annual traveling distance sample average histogram. n=10,000 samples 289 

290 

291 



292 

Supplementary Fig. 10 | Maximum rebound-adjusted annual traveling distance sample average histogram. n=10,000 samples293 



2.2 Generalized Linear Models 294 

295 

The generalized linear model adds a link function to the general linear model that connects the dependent variable to the components 296 

and covariates. Three generalized linear models with a 95% confidence interval are employed to investigate the significant categories 297 

affecting the dependent variables. The dependent variables for the three models are the rebound effect, annual traveling distance, and 298 

autonomous vehicle background knowledge respectively. The three models share the same independent variables including age, marital 299 

status, employment, level of education, income, number of adults per household, number of cars per household, and driving experience. 300 

Supplementary Supplementary Table 6 summarizes our three models' results. Firstly, households 3 to 4 with individuals who are 18 301 

years or older were found to have a significant effect on the rebound effect. In other terms, more crowded households are likely to travel 302 

more when they adopt autonomous vehicles when compared to households with fewer adults. This was demonstrated clearly when the 303 

average rebound-adjusted annual traveling distances set was considered, households with 3 to 4 individuals had the highest average 304 

rebound effect value of 1.234 while 1-2 and 5 and over had average rebound effect values of 1.22 and 1.233 respectively. This value of 305 

1.234 indicates that households with 3 to 4 individuals are anticipated to travel additional distances due to autonomy with an average 306 

value of 23.4% increase relevant to their annual traveling distances. It is noted that this is almost identical to the increase anticipated to 307 

be undergone by crowder households of 5 and over adults. 308 

As for the annual traveling distance, both full-time and part-time employees are likely to travel more when compared to other 309 

categories such as students and others which includes housewives and unemployed people. This can be explained by stating that both 310 

categories represent people who must attend their jobs. One other possible explanation would be the climate of Qatar. In a study on this 311 

matter in the period between March 1999 and January 2014 conducted by [39], the daytime means maximum air temperature was over 312 

50 °C in most of the two months with a minimum temperature of over 30°C. The situation of climate in Qatar is exacerbated by the 313 

global warming & climate change. This leads people to prefer to use their cars when compared to public transportation which sometimes 314 

requires people to walk to reach the public transportation stations. Hot climate conditions increase travel demand, thus people with 315 

responsibilities/duties are found to be the first segment of potential early adopters of autonomous vehicles. regarding the bachelor’s 316 

degree. Regarding the two driving experience categories of 0. Firstly, the people with no driving experience would represent the category 317 

of people who don’t drive at all or have their drivers readily available to transport them. This provided convenience of transportation 318 

could lead to more traveling. Finally, the autonomous vehicles background knowledge model concluded with no significant categories 319 

among the respondents who are more likely to have better background knowledge. 320 

321 



Supplementary Table 6 | Generalized linear models results. 95% confidence interval. A category is considered significant if its 322 

significance level is < 0.05.323 

Model Significant Categories Significance level The goodness of fit test variable
Rebound Effect Individuals – 3 to 4 0.013 0.72 

Annual Traveling Distance Employment – Full-time 
employee 

Employment – Part-time 
employee 

Education – Bachelor’s degree 
Experience – 0 years 

0.027 

0.031 

0.025 

0.02 

0.785 

Autonomous Vehicle 
Background Knowledge

- - 0.789 

324 

325 

2.3 Autonomous Vehicles Adoption Perceptions 326 

327 

This stage defines a crucial step in autonomous vehicle adoption due to its importance in identifying the public’s opinions about 328 

autonomous vehicles and what relevant possible concerns are to be addressed properly.  Four proposed benefits of autonomous vehicles 329 

were investigated which include reducing congestion on the roadways, reducing fuel consumption, reducing travel time, and reducing 330 

parking costs as shown in Supplementary Table 7Error! Reference source not found.. The most agreed benefit among respondents 331 

was reducing fuel consumption which had 63.6% positive opinions about it, 22.7% neutral, and 13.7% negative opinions. On the other 332 

hand, reducing traveling time was the least accepted autonomous vehicle benefit with only 47% positive opinions. Secondly, the 333 

proposed concerns include securing the autonomous driving system from computer hackers, the possibility of accidents between regular 334 

cars and autonomous vehicles, an increase in the maintenance cost of updating the computer system of the autonomous vehicle, and 335 

autonomous vehicle’s performance in harsh environments introduced in Supplementary Table 8. The respondent’s greatest concern was 336 

the possibility of accidents between autonomous vehicles and regular cars with a 78.1% agreement. However, autonomous vehicles’ 337 

ability to work in a harsh environment was the least concern of the respondents with 64.9% doubting the harsh environment effect on 338 

autonomous vehicles while 12.4% were skeptical of the environment’s effect on autonomous vehicles’ performance. 339 

Finally, after being informed of the advantages and disadvantages of autonomous vehicles, 76.4% of the respondents declared 340 

they are willing to shift to using them when they become available. On the other hand, 23.6% opposed their use in Qatar. To investigate 341 

which categories of people are more likely to adopt autonomous vehicles, it was concluded that old adults (46 years old and over) had 342 



the highest rate of people willing to adopt autonomous vehicles with 85.9% positive implications about autonomous vehicles when 343 

compared to all other age groups. When related to their annual traveling distance, people traveling less than 20,000 kilometers were the 344 

category that had the highest percentage of switching to autonomous vehicles with 79.5%. As for income, people with monthly incomes 345 

of over 40,000 QAR, were the most open to switching to autonomous vehicles with 83.7% agreement among them. When we seek the 346 

number of cars per household as an indication for switching to autonomous vehicles, households with 3 to 4 cars are the category with 347 

the most positive adoption perspectives with 82%. Also, one important factor to consider in autonomous vehicle adoption is the people’s 348 

background knowledge of autonomous vehicles which played a major impact in affecting their openness to switching with 94.4% of 349 

people with strong backgrounds willing to adopt autonomous vehicles. One important factor for the adoption of autonomous vehicles 350 

would be the price for the consumer. Using combinations of bodies, Li-Ion batteries, and autonomous system prices, it is anticipated 351 

that the average price of a fully autonomous vehicle will be around $51600.  352 

Supplementary Table 7 | Autonomous vehicles proposed benefits summary. n= 330 samples353 

Positive (%) Neutral (%) Negative (%) 

Reducing congestion on the 
roadways

47.6 31.8 20.6 

Reducing fuel consumption 63.7 22.7 13.6 
Reducing travel time 47 33 20
Reducing parking cost 47.9 32.4 19.7

354 

Supplementary Table 8 | Autonomous vehicles adoption concerns summary. n= 330 samples 355 

Positive (%) Neutral (%) Negative (%)
Securing autonomous driving 
systems from computer hackers

69.1 23 7.9 

Possibility of accidents between 
regular cars and AVs

78.1 17 4.9 

Increase in maintenance cost of 
updating computer system of AV

69.1 21.5 9.4 

AV performance in harsh 
environments

64.9 22.7 12.4 

3. Life Cycle Assessment Supporting Information 356 

LCA is a method for examining the environmental implications of a product over its life cycle. LCA can reveal opportunities in the 357 
value chain of a product or a service and can provide potential environmental reduction strategies, enhance strategic planning, and 358 
educate public policy. LCAs allow practitioners to compare diverse items, allowing them to make better-informed judgments 10. LCAs 359 



may also be used to improve a product, process, or system design. For instance, an LCA might identify parts of the manufacturing 360 
process that have a significant environmental effect, allowing for the construction and comparison of alternative production pathways.  361 

362 

3.1 Manufacturing Phase 363 

364 

In this phase, the Manufacturing phase is assumed to comprise three processes: Manufacturing, Shipping, and Rebound effect. Nine 365 

countries including China, Japan, India, South Korea, the United States, Mexico, Germany, Turkey, and France are analyzed. These 366 

countries are represented by twelve different sedan car brands originating in those countries. Japan, the United States, and Germany 367 

have two brands each while the remaining countries are represented with only one brand each. To start, the manufacturing process 368 

comprises of manufacturing three main components of autonomous vehicles as follows: 369 

1- Vehicle body  370 

2- Lithium-Ion battery 371 

3- Autonomous system components 372 
373 

For our case, Stochastic decision analysis is necessary due to the inherent geographical uncertainty in the production and assembly 374 

of components for autonomous vehicles. This is because we are dealing with untested, futuristic technology. Our research considers all 375 

possible manufacturing combinations for autonomous cars and analyzes nine countries where the vehicle's body, li-ion battery, and 376 

components of the autonomous system might be built. The environmental effects of constructing a vehicle's body in one country might 377 

vary greatly from those in another due to variations in technology, availability of raw materials, and energy sources. For this reason, the 378 

research presented here is essential to the future of the autonomous electric car. This exhaustive analysis takes into consideration these 379 

variances and evaluates how they impact the development of autonomous battery electric vehicles. The results of this research may serve 380 

to influence crucial choices affecting the manufacture of vehicles by putting light on the possible effects of different production 381 

configurations. This study was conducted to throw light on these potential outcomes. The results shown in the main body of the research 382 

paper show the average estimation based on those twelve sedan brands considered. By taking the average of the data, any outliers or 383 

extreme results in a single country can be less of a factor. This gives a more consistent and accurate picture of the industrial environment. 384 

Using the average of the nine countries also helps to account for the variety and unpredictability of the data, since each country has its 385 

own unique technological, raw material, and energy source problems and opportunities. By combining the results from several countries, 386 

the research can get a more complete picture of the environment for making autonomous electric vehicles and the problems and 387 

opportunities that come with it. 388 



Starting with the vehicle body, Autonomous vehicles are assumed to have identical vehicle bodies when compared to non-389 

autonomous battery electric vehicles. In other words, the emissions associated with both cases will be similar in this matter. Secondly, 390 

Lithium-Ion Battery (LIB) currently has many chemistries associated with the materials used in the battery. The most common 391 

chemistries in the industry include Lithium Cobalt Oxide (LCO), Lithium Iron Phosphate (LFP), and Nickel Manganese Cobalt (NMC). 392 

Those three chemistries accounted for over %83 of the market share of LIB in 201611. However, LCO is not used in automobiles for 393 

some safety risks12. LFPs have an energy density requirement that is projected to be lower than the requirements for energy density in 394 

202513. Thus, autonomous vehicles in this study are assumed to be operated by Lithium-Ion batteries with NMC 622. 395 

As for non-autonomous battery electric vehicles, the only difference between them in the manufacturing process is the autonomous 396 

system components which are absent from battery electric vehicles. Regarding the shipping process, autonomous vehicles are assumed 397 

to be shipped from their country of origin’s busiest port based on the annual number of containers handled14. The destination port is 398 

assumed to be Doha port. A fixed shipping rate of 0.4 $/ mile is used for the total shipping cost15.  399 

Finally, the rebound effect is considered in the manufacturing phase since it will cause increased demand for manufacturing vehicles. 400 

Since people will travel more with autonomous vehicles because of the rebound effect, their cars will deteriorate faster, and they will 401 

need to buy a new car sooner than if it has been a non-autonomous car. Having to buy cars sooner will cause the manufacturers to 402 

produce more cars resulting in more emissions when compared to non-autonomous vehicles. 403 

404 

405 

406 

407 

408 

409 

410 

411 

412 



Supplementary Table 9 | Autonomous vehicle components manufacturing checklist. This table summarizes which countries 413 

produce which parts within autonomous vehicles bodies, li-ion batteries, and autonomous system components.414 

           Component   
Country 

Vehicle body Lithium-Ion 
Battery 

LIDAR Ultrasonic 
sensors 

InfraRed sensors Cameras CAN bus ACC 

China         

Japan          

India         

South Korea         

United States         

Mexico         

Germany         

Turkey         

France         

16–48415 

416 

417 

418 

419 



Supplementary Table 10 | Autonomous vehicle components specifications & costs [1]. This table summarizes the costs of 420 

autonomous vehicles bodies, li-ion batteries, and autonomous system components for the twelve car brands considered. 421 

Country Brand 
reference 
name 

Fuel 
efficiency 
(kWh/km) 

Car 
MSRP 
($, 
including 
battery)

Car 
MSRP 
($, 
excluding 
battery)

Car 
Production 
Cost ($, 
excluding 
battery) *

Battery 
capacity 
(kWh) 

Battery 
MSRP 
($) 

Battery 
Production 
Cost ($) 

LIDAR 
MSRP 
($) 

Ultrasonic 
Sensors 
MSRP ($) 

Infrared 
Sensors 
MSRP 
($) 

Cameras 
MSRP 
($) 

RADAR 
MSRP 
($) 

Processor 
& 
Software 
MSRP ($) 

ACC 
MSRP 
($) 

Total 
Autonomous 
System 
MSRP ($) 

China China  0.14 37848 30839 24671 53.1 7009 4906 1898 112 1853 1052 500 1522 1789 8726 

Japan Japan 1 0.19 36278 26853 21482 71.4 9425 6598 4122 150 2214 1205 1000 1745 2112 12548 

Japan Japan 2 0.174 28361 20177 16142 62 8184 5729 2738 146 2214 1205 2276 1745 1800 12124 

India India 0.0968 22088 18102 14482 30.2 3986 2790 600 105 1748 1007 1848 1458 1696 8462 

South 
Korea 

Korea 0.186 40418 32762 26210 58 7656 5359 1740 130 2124 1167 3500 1690 2032 12383 

United 
States 

US 1 0.2 42895 29867 23894 98.7 13028 9120 1000 - - 1330 2833 1925 3200 10288 

United 
States 

US 2 0.17 49440 38616 30893 82 10824 7577 3470 130 2507 1330 2833 1925 2374 14569 

Mexico Mexico 0.1125 28678 26302 21042 18 2376 1663 1300 111 1828 1041 1954 1507 1767 9508 

Germany Germany 1 0.182 42472 35212 28170 55 7260 5082 8270 83 2300 1242 3263 1798 2189 19145 

Germany Germany 2 0.172 64611 53536 42829 83.9 11075 7753 4618 141 2300 1242 3040 1798 1700 14839 

Turkey  Turkey 0.18 44402 32522 26018 90 11880 8316 3790 111 1835 1044 1964 1511 1773 12028 

France France 0.165 35034 27814 22251 54.7 7220 5054 1000 185 2203 1201 3380 1738 2102 11809 



-Body: 20% profit margin [49], Battery: 30% profit margin (assumed), Autonomous system components 30% profit margin (assumed) 422 

423 

Supplementary Table 11 | Autonomous vehicle components specifications & costs reference[2]. This table shows the 424 

references for the costs of autonomous vehicles bodies, li-ion batteries, and autonomous system components for the twelve 425 

car brands considered. 426 

Country Brand 
reference 
name 

Fuel efficiency Car MSRP ($, 
including 
battery) 

Car weight  Battery 
capacity 
(kWh) 

Battery MSRP 
($) 

LIDAR Ultrasonic 
Sensors 

Infrared 
Sensors 

Cameras RADAR Processor & 
Software 

ACC 

China China  50 50 50 50 51 52  *1  *2  *3 53 *5 *6 

Japan Japan 1 54 55 54 54 51 56  

150 m

57 *2  *3 58 *5 *6 

Japan Japan 2 54 59 60 54 51 61 62 *2  *3 63 *5 64

India India 65 65 65 65 51 66  *1 *2  *3 *4 *5 *6 

South Korea Korea 54 67 54 54 51 68  *1 *2  *3 69 70–73 *6 

United 
States 

US 1 54 74 75 54 51 76  - 
Included in 
ACC 77

 *2 78–80 

assumed 4 

cameras

*4 *5 81

United 
States 

US 2 54 82 54 54 51 83 84 *2  *3 *4 *5 *6 

Mexico Mexico 85 86 87 87 51 88  *1  *2  *3 *4 *5 *6 

Germany Germany 1 54 89 54 54 51 90 91 *2  *3 92 *5 *6 

Germany Germany 2 54 93 54 54 51 * *1 94 *3 95 *5 96



Turkey  Turkey 97 98 Estimated 97 51 99  *1 *2  *3 *4 *5 *6 

France France 54 100 54 54 51 101 102 *2  *3 103  *5 *6 

427 

428 

* Estimate component price in country Y based on other countries’ component prices (Country X) using𝑃𝑟𝑖𝑐𝑒 𝑖𝑛 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑌 =429 

(0.75 × 𝑃𝑟𝑖𝑐𝑒 𝑖𝑛 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑋) + (0.25 × (
𝐺𝐷𝑃 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 𝑓𝑜𝑟 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑌

𝐺𝐷𝑃 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 𝑓𝑜𝑟 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑋
)× 𝑃𝑟𝑖𝑐𝑒 𝑖𝑛 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑋)                                (5). Estimating a 430 

component’s price in country Y using multiple prices from country X is as follows:   431 

A- Estimate component price for country Y using country X information. 432 

B- Repeat (A) for all countries’ component prices X 433 

C- Round prices to a whole number obtained in (B), then their average is the components price for country Y using multiple components 434 

prices from countries X. 435 

𝑃𝑟𝑖𝑐𝑒 𝑖𝑛 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑌 = (0.75 × 𝑃𝑟𝑖𝑐𝑒 𝑖𝑛 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑋) + (0.25 × (
𝐺𝐷𝑃 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 𝑓𝑜𝑟 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑌

𝐺𝐷𝑃 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 𝑓𝑜𝑟 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑋
)× 𝑃𝑟𝑖𝑐𝑒 𝑖𝑛 𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑋)436 

(5)437 

* LIDAR price estimation for GERMANY 2 using the given prices from CHINA, Japan 1, Japan 2, INDIA, Korea, US 1, US 2, 438 

Mexico, Germany 1, TURKEY, and France:  439 

= Average (0.75 × 1898 + 0.25 × (64530 ÷ 10550) × 1898), (0.75 × 4122 + 0.25 × (64530 ÷ 40360) × 4122), (0.75 × 2338 + 0.25 × 440 

(64530 ÷ 40360) × 2338), (0.75 × 600 + 0.25 × (64530 ÷ 1920) × 600), (0.75 × 1740 + 0.25 × (64530 ÷ 32960)× 1740), (0.75 × 1000 + 441 

0.25 × (64530 ÷ 64530) × 1000), (0.75 × 3470 + 0.25 × (64530 ÷ 8480) × 3470), (0.75 × 1300 + 0.25 × (64530 ÷ 47470) × 1300), (0.75 442 

× 8270 + 0.25 × (64530 ÷ 47470) × 8270), (0.75 × 3790 + 0.25 × (64530 ÷ 9050) × 3790), (0.75 × 1000 + 0.25 × (64530 ÷ 39480) × 443 

1000) = 4618 444 

445 

*1 Ultrasonic sensor price estimation using the given prices from Japan 1, Japan 2, US 2, Germany 1, and France: 446 



A- CHINA =  Average (0.75 × 150 + 0.25 × (10550 ÷ 40360) × 150), (0.75 × 146+ 0.25 × (10550 ÷ 40360) × 146), (0.75 × 130 + 447 

0.25 × (10550 ÷ 64530) × 130), (0.75 × 83 + 0.25 × (10550 ÷ 47470) × 83), (0.75 × 185 + 0.25 × (10550 ÷ 39480) × 185) = 112 448 

B- INDIA = Average (0.75 × 150 + 0.25 × (1920 ÷ 40360) × 150), (0.75 × 146+ 0.25 × (1920 ÷ 40360) × 146), (0.75 × 130 + 0.25 449 

× (1920 ÷ 64530) × 130), (0.75 × 83 + 0.25 × (1920 ÷ 47470) × 83), (0.75 × 185 + 0.25 × (1920 ÷ 39480) × 185) = 105 450 

C- Korea = Average (0.75 × 150 + 0.25 × (32960 ÷ 40360) × 150), (0.75 × 146+ 0.25 × (32960 ÷ 40360) × 146), (0.75 × 130 + 0.25 451 

× (32960 ÷ 64530) × 130), (0.75 × 83 + 0.25 × (32960 ÷ 47470) × 83), (0.75 × 185 + 0.25 × (32960 ÷ 39480) × 185)= 130 452 

D- Mexico = Average (0.75 × 150 + 0.25 × (8480 ÷ 40360) × 150), (0.75 × 146+ 0.25 × (8480 ÷ 40360) × 146), (0.75 × 130 + 0.25 453 

× (8480 ÷ 64530) × 130), (0.75 × 83 + 0.25 × (8480 ÷ 47470) × 83), (0.75 × 185 + 0.25 × (8480 ÷ 39480) × 185) = 111 454 

E- GERMANY 2 = Average (0.75 × 150 + 0.25 × (47470 ÷ 40360) × 150), (0.75 × 146+ 0.25 × (47470 ÷ 40360) × 146), (0.75 × 455 

130 + 0.25 × (47470 ÷ 64530) × 130), (0.75 × 83 + 0.25 × (47470 ÷ 47470) × 83), (0.75 × 185 + 0.25 × (47470 ÷ 39480) × 185) 456 

= 141 457 

F- TURKEY = Average (0.75 × 150 + 0.25 × (9050 ÷ 40360) × 150), (0.75 × 146+ 0.25 × (9050 ÷ 40360) × 146), (0.75 × 130 + 458 

0.25 × (9050 ÷ 64530) × 130), (0.75 × 83 + 0.25 × (9050 ÷ 47470) × 83), (0.75 × 185 + 0.25 × (9050 ÷ 39480) × 185) = 111 459 

460 

2* Infrared sensors price estimation using the given price from GERMANY 2:  461 

A- CHINA = 0.75 × 2300 + 0.25× (10550 ÷ 47470) × 2300 = 1853 462 

B- Japan 1 = 0.75 × 2300 + 0.25 × (40360 ÷ 47470) × 2300= 2214 463 

C- Japan 2 = 0.75 × 2300 + 0.25 × (40360 ÷ 47470) × 2300= 2214 464 

D- INDIA = 0.75 × 2300 + 0.25 × (1920 ÷ 47470) × 2300= 1748 465 

E- Korea = 0.75 × 2300 + 0.25 × (32960 ÷ 47470) × 2300 = 2124 466 

F- US 1 = 0.75 × 2300 + 0.25 × (64530 ÷ 47470) × 2300 = 2507 467 

G- US 2 = 0.75 × 2300 + 0.25 × (64530 ÷ 47470) × 2300 = 2507 468 

H- Mexico = 0.75 × 2300 + 0.25 × (8480 ÷ 47470) × 2300= 1828 469 

I- Germany 1 = 0.75 × 2300 + 0.25 × (47470 ÷ 47470) = 2300 470 

J- TURKEY = 0.75 × 2300 + 0.25 × (9050 ÷ 47470) × 2300= 1835 471 

K- France = 0.75 × 2300 + 0.25 × (39480 ÷ 47470) × 2300= 2203 472 

473 

3* Camera price estimation using the given price from US 1: 474 



A- CHINA = 0.75 × 1330 + 0.25× (10550 ÷ 64530) × 1330 = 1052 475 

B- Japan 1 = 0.75 × 1330 + 0.25 × (40360 ÷ 64530) × 1330= 1205 476 

C- Japan 2 = 0.75 × 1330 + 0.25 × (40360 ÷ 64530) × 1330= 1205 477 

D- INDIA = 0.75 × 1330 + 0.25 × (1920 ÷ 64530) × 1330= 1007 478 

E- Korea = 0.75 × 1330 + 0.25 × (32960 ÷ 64530) × 1330 = 1167 479 

F- US 2 = 0.75 × 1330 + 0.25 × (64530 ÷ 64530) × 1330 = 1330 480 

G- Mexico = 0.75 × 1330 + 0.25 × (8480 ÷ 64530) × 1330= 1041 481 

H- Germany 1 = 0.75 × 1330 + 0.25 × (47470 ÷ 64530) × 1330= 1242  482 

I- GERMANY 2 = 0.75 × 1330 + 0.25 × (47470 ÷ 64530) × 1330= 1242 483 

J- TURKEY = 0.75 × 1330 + 0.25 × (9050 ÷ 64530) × 1330= 1044 484 

K- France = 0.75 × 1330 + 0.25 × (39480 ÷ 64530) × 1330= 1201 485 

4* Radar price estimation using the given prices from CHINA, Japan 1, Japan 2, Korea, Germany 1, GERMANY 2, and France: 486 

A- INDIA = Average (0.75 × 500 + 0.25 × (1920 ÷ 10550) × 500), (0.75 × 1000 + 0.25 × (1920 ÷ 40360) × 1000), (0.75 × 2276 + 487 

0.25 × (1920 ÷ 40360) × 2276), (0.75 × 3500 + 0.25 × (1920 ÷ 32960) × 3500), (0.75 × 3263 + 0.25 × (1920 ÷ 47470) × 3263), 488 

(0.75 × 3040 + 0.25 × (1920 ÷ 47470) × 3040), (0.75 × 3380 + 0.25 × (1920 ÷ 39480) × 3380) = 1848 489 

B- US 1 = Average (0.75 × 500 + 0.25 × (64530 ÷ 10550) × 500), (0.75 × 1000 + 0.25 × (64530 ÷ 40360) × 1000), (0.75 × 2276 + 490 

0.25 × (64530 ÷ 40360) × 2276), (0.75 × 3500 + 0.25 × (64530 ÷ 32960) × 3500), (0.75 × 3263 + 0.25 × (64530 ÷ 47470) × 491 

3263), (0.75 × 3040 + 0.25 × (64530 ÷ 47470) × 3040), (0.75 × 3380 + 0.25 × (64530 ÷ 39480) × 3380) = 2833 492 

C- US 2 = Average (0.75 × 500 + 0.25 × (64530 ÷ 10550) × 500), (0.75 × 1000 + 0.25 × (64530 ÷ 40360) × 1000), (0.75 × 2276 + 493 

0.25 × (64530 ÷ 40360) × 2276), (0.75 × 3500 + 0.25 × (64530 ÷ 32960) × 3500), (0.75 × 3263 + 0.25 × (64530 ÷ 47470) × 494 

3263), (0.75 × 3040 + 0.25 × (64530 ÷ 47470) × 3040), (0.75 × 3380 + 0.25 × (64530 ÷ 39480) × 3380) = 2833 495 

D- Mexico = Average (0.75 × 500 + 0.25 × (8480 ÷ 10550) × 500), (0.75 × 1000 + 0.25 × (8480 ÷  40360) × 1000), (0.75 × 2276 + 496 

0.25 × (8480 ÷ 40360) × 2276), (0.75 × 3500 + 0.25 × (8480 ÷ 32960) × 3500), (0.75 × 3263 + 0.25 × (8480 ÷ 47470) × 3263), 497 

(0.75 × 3040 + 0.25 × (8480 ÷ 47470) × 3040), (0.75 × 3380 + 0.25 × (8480 ÷ 39480) × 3380) = 1954 498 

E- TURKEY = Average (0.75 × 500 + 0.25 × (9050 ÷ 10550) × 500), (0.75 × 1000 + 0.25 × (9050 ÷ 40360) × 1000), (0.75 × 2276 499 

+ 0.25 × (9050 ÷ 40360) × 2276), (0.75 × 3500 + 0.25 × (9050 ÷ 32960) × 3500), (0.75 × 3263 + 0.25 × (9050 ÷ 47470) × 3263), 500 

(0.75 × 3040 + 0.25 × (9050 ÷ 47470) × 3040), (0.75 × 3380 + 0.25 × (9050 ÷ 39480) × 3380) = 1964 501 

502 

5* Processor & Software:  503 



US 2: (Processor $1,500, DSRC $73, V2X $222, and GPS $130). Total: $1925504 

price estimation using the given price from US 2: 505 

A- CHINA= 0.75 × 1925 + 0.25× (10550 ÷ 64530) × 1925 = 1522 506 

B- Japan 1= 0.75 × 1925 + 0.25 × (40360 ÷ 64530) × 1925 = 1745 507 

C- Japan 2= 0.75 × 1925 + 0.25 × (40360 ÷ 64530) × 1925 = 1745 508 

D- INDIA= 0.75 × 1925 + 0.25 × (1920 ÷ 64530) × 1925 = 1458 509 

E- Korea= 0.75 × 1925 + 0.25 × (32960 ÷ 64530) × 1925 = 1690 510 

F- US 1= 0.75 × 1925 + 0.25 × (64530 ÷ 64530) × 1925 = 1925 511 

G- Mexico= 0.75 × 1925 + 0.25 × (8480 ÷ 64530) × 1925 = 1507 512 

H- Germany 1= 0.75 × 1925 + 0.25 × (47470 ÷ 64530) × 1925 = 1798  513 

I- GERMANY 2= 0.75 × 1925 + 0.25 × (47470 ÷ 64530) × 1925 = 1798 514 

J- TURKEY= 0.75 × 1925 + 0.25 × (9050 ÷ 64530) × 1925 = 1511 515 

K- France= 0.75 × 1925 + 0.25 × (39480 ÷ 64530) × 1925 = 1738 516 

517 

6* Adaptive cruise control cost estimation using given prices from Japan 2, US 1, and GERMANY 2: 518 

A- CHINA = Average (0.75 × 1800 + 0.25 × (10550 ÷ 40360) × 1800), (0.75 × 3200 + 0.25 × (10550 ÷ 64530) × 3200), (0.75 × 519 

1700 + 0.25 × (10550 ÷ 47470) × 1700) = 1789 520 

B- Japan 1 = Average (0.75 × 1800 + 0.25 × (40360 ÷ 40360) × 1800), (0.75 × 3200 + 0.25 × (40360 ÷ 64530) × 3200), (0.75 × 521 

1700 + 0.25 × (40360 ÷ 47470) × 1700) = 2112 522 

C- INDIA = Average (0.75 × 1800 + 0.25 × (1920 ÷ 40360) × 1800), (0.75 × 3200 + 0.25 × (1920 ÷ 64530) × 3200), (0.75 × 1700 523 

+ 0.25 × (1920 ÷ 47470) × 1700) = 1696 524 

D- Korea = Average (0.75 × 1800 + 0.25 × (32960 ÷ 40360) × 1800), (0.75 × 3200 + 0.25 × (32960 ÷ 64530) × 3200), (0.75 × 1700 525 

+ 0.25 × (32960 ÷ 47470) × 1700) = 2032 526 

E- US 2 = Average (0.75 × 1800 + 0.25 × (64530 ÷ 40360) × 1800), (0.75 × 3200 + 0.25 × (64530 ÷ 64530) × 3200), (0.75 × 1700 527 

+ 0.25 × (64530 ÷ 47470) × 1700) = 2374 528 

F- Mexico = Average (0.75 × 1800 + 0.25 × (8480 ÷ 40360) × 1800), (0.75 × 3200 + 0.25 × (8480 ÷ 64530) × 3200), (0.75 × 1700 529 

+ 0.25 × (8480 ÷ 47470) × 1700) = 1767 530 

G- Germany 1 = Average (0.75 × 1800 + 0.25 × (47470 ÷ 40360) × 1800), (0.75 × 3200 + 0.25 × (47470 ÷ 64530) × 3200), (0.75 531 

× 1700 + 0.25 × (47470 ÷ 47470) × 1700) = 2189 532 



H- TURKEY = Average (0.75 × 1800 + 0.25 × (9050 ÷ 40360) × 1800), (0.75 × 3200 + 0.25 × (9050 ÷ 64530) × 3200), (0.75 × 533 

1700 + 0.25 × (9050 ÷ 47470) × 1700) = 1773 534 

I- France = Average (0.75 × 1800 + 0.25 × (39480 ÷ 40360) × 1800), (0.75 × 3200 + 0.25 × (39480 ÷ 64530) × 3200), (0.75 × 535 

1700 + 0.25 × (39480 ÷ 47470) × 1700) = 2102 536 

537 

3.2 Operation Phase 538 

In this phase, the emissions produced during service life are estimated. Mainly, emissions in the vehicle's operation phase come from 539 

two different parts: Well-to-Tank (WTT) and Tank-to-Wheel (TTW). Starting with WTT, it is concerned with the emerging emissions 540 

due to the production, processing, and delivery of energy. As for TTW, it represents tailpipe emissions emerging due to the vehicle 541 

operation. Autonomous vehicles aren’t associated with any TTW emissions (since they are assumed to be operated by batteries and have 542 

no tailpipe emissions). For this reason, the only emissions assessed in the operation phase are for the electricity generation to charge 543 

batteries. 𝐸GE=EGP×GHG Factor × ETL Factor                     544 

() is used to calculate emissions associated with the generation of 1 kWh of electricity in Qatar. 545 

𝐸GE = EGP × GHG Factor × ETL Factor                                                   (6)546 

Where EGE: electricity generation emission (Kg GHG); EGP: electricity generation price (constant,0.15 QAR/kWh104); GHG factor (kg GHG/kWh): 547 
obtained from the EXIOBASE database using electricity generation from gas as a sector for scenarios 1 and 2, electricity generation using Photovoltaics for 548 
scenarios 3 and 4, the year 2021 as a basis, and World Middle East (WM) as a reference country; ETL factor: The electricity transmission losses factor is used to 549 
compensate for 10% of energy losses from the transmission of electricity.  550 

However, this EGE value of emissions accounts for 1 kWh only. To find emissions associated with driving 1-kilometer using 551 

autonomous vehicles, we must first quantify one of the proposed benefits of adopting autonomous vehicles which is the increased fuel 552 

efficiency due to autonomy. 105 concluded that autonomous vehicles introduce improvement in fuel efficiency when compared to non-553 

autonomous vehicles, the improved fuel efficiency is referred to as fuel economy for this paper. The improvement is quantified to be 554 

approximately 23.6%. In this study, this value is used to compensate for this improvement as in 𝐹𝐸𝐶  = 𝐵𝐸𝑉 − 𝐹𝐸﷧( 1 + 𝐹𝐸𝐼)   555 

                              (7). The fuel 556 

efficiency values for the twelve brands considered are taken from their perspective manufacturers. Refer to Supplementary Table 10 for 557 

the fuel efficiency values and  558 

Supplementary Table 11 for references to those values. Considering different values of fuel efficiencies for the considered sedan 559 

vehicles assists in facing the uncertainty associated with operating parameters (fuel efficiency) of an emerging technology such as 560 



autonomous vehicles. The improvement is mirrored in all twelve brands considered, where each of the vehicles considered gains an 561 

improvement in fuel efficiency when they are assumed to be AVs. 562 

𝐹𝐸𝐶  =
𝐵𝐸𝑉−𝐹𝐸

( 1+𝐹𝐸𝐼)
  (7)563 

Where FEC: fuel economy (kWh/km); BEV-FE: battery electric vehicle fuel efficiency (kWh/Km); FEI: % improvement in fuel efficiency. Then, FEC is 564 
used to calculate autonomous vehicle's operation phase emissions factor for each GHG considered as in  565 

𝐴𝑉−𝑂𝑃 𝐸𝐹 = 𝐸𝐺𝐸 × 𝐹𝐸𝐶566 
(). 567 

𝐴𝑉 − 𝑂𝑃 𝐸𝐹 = 𝐸𝐺𝐸 × 𝐹𝐸𝐶             (8)568 

Where AV-OP EF: autonomous vehicle operation phase emission factor. 569 

3.3 End-of-Life Phase 570 

The End-of-Life (EOL) phase is the subsequent phase after the vehicle has reached its maximum mileage after which it is salvaged. 571 

Generally, this phase results in a saving in emissions since recycling sends out fewer emissions when compared to mining for the 572 

materials. This is because recycling requires less energy than the mining process which indicates it requires less fossil fuel to burn for 573 

the process106. This outcome is resembled by negative values of emissions due to savings resulting from recycling. To start, the GREET 574 

model for the year 2021 is used to obtain what materials exist in a vehicle as well as for a Li-Ion battery.  Then for the autonomous 575 

system, each part is divided into the materials it comprises. Consequently, for each material used in the autonomous vehicle, the total 576 

amount needed in a vehicle is calculated. Then, the recycling emissions saving (RES) is calculated for each material (x) as in equation 577 

(9) using GWP values for recycling (GWPR) and mining (GWPM). The recovery rate (RR) is used to compensate for the losses of the 578 

material during the recycling process.  579 

RES (𝑥) =
𝑥 𝑖𝑛 AV

RR(𝑥)
× GWPR(𝑥) − 𝑥 𝑖𝑛 AV × GWPM(𝑥) (9)580 

Next is the global warming potential (GWP) for the considered greenhouse gases is calculated to come up with a unified 581 

measure of emissions rather than expressing the emissions of each greenhouse gas by itself as follows in equation (10).  582 



LC GWP = LC CO2 + LC CH4 × CH4 GWP + LC N2O × N2O GWP           (10) 583 

Where LC GWP: life cycle global warming potential (Kg CO2-Eq.); LC CO2; life cycle carbon dioxide emissions; LC CH4: life cycle methane emissions; 584 
CH4 GWP: methane global warming potential (27.9) 107; LC N2O: life cycle nitrous oxide emissions; N2O GWP: nitrous oxide global warming potential (273) 585 
107. 586 

587 

3.4 Monte Carlo Simulation 588 

Uncertainty in life cycle assessment influences the model’s reliability and is one of its main challenges108. The uncertainty stems 589 

from three main sources: parameter, scenario, and model109. To start, parameter uncertainty comes from inherent variability in the 590 

sampled population, uncertainty in seen or measured values, and data quality uncertainty. Scenario uncertainty arises from normative 591 

choices made throughout the scenario-building process, such as those regarding the functional unit and the time horizon. Lastly, model 592 

uncertainty is due to the underlying structure of the models and the mathematical linkages that describe them. Addressing the uncertainty 593 

involves determining the total uncertainty of the conclusion based on the uncertainty of all the parameters and model selections of the 594 

simulated product system, and then generating a confidence interval for the results. the simulation parameters are shown in 595 

Supplementary Table 12 while Supplementary Table 13 shows the summary of the simulation results. 596 

597 

Supplementary Table 12 | Monte Carlo simulation parameters for given scenarios. This table shows each input variable 598 

distribution for different life cycle variables among the four scenarios considered in this study. 599 

Scenarios
Input/Output Variable 

Name 
Scenario 1 Scenario 2 Scenario 3 Scenario 4 

Input 1 Manufacturing 
emissions 
(ton CO2-Eq)

Burr12(0,14.338,7.9189,0.76653) Burr12(0,2.383,7.3676,0.84094) Burr12(0,14.338,7.9189,0.76653) Burr12(0,2.383,7.3676,0.84094) 

Input 2 Rebound 
effect (%)

- Normal(1.26,0.0625) - Normal(1.26,0.0625) 

Input 3 Fuel efficiency 
(kWh/km) 

Dagum(0,0.19557,49.105,0.098342) Dagum 
(0,0.15822,49.105,0.098342) 

Dagum(0,0.19557,49.105,0.098342) Dagum 
(0,0.15822,49.105,0.098342) 

Input 4 Operation 
phase 
constant

119.2156092 119.2156092 23.0441544 23.0441544 

Input 5 End-of-Life 
emissions (t 
CO2-Eq)

Fréchet (-13.0133,5.7793,5.7732) Fréchet (-13.8492,6.4315,6.1543) Fréchet (-13.0133,5.7793,5.7732) Fréchet (-13.8492,6.4315,6.1543) 

Output Life-Cycle 
Global 
Warming 

(Manufacturing emissions) + (Fuel 
efficiency × Operation phase constant) + 
(End-of-Life emissions)

(Manufacturing emissions × 
Rebound effect) + (Fuel economy × 

(Manufacturing emissions) + (Fuel 
efficiency × Operation phase constant) + 
(End-of-Life emissions)

(Manufacturing emissions × 
Rebound effect) + (Fuel economy × 



Potential 
(tCO2-Eq.)

Operation phase constant) + (End-
of-Life emissions)

Operation phase constant) + (End-
of-Life emissions)

600 

 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑝ℎ𝑎𝑠𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = (𝐸𝐺𝑃 × 𝐶𝑂2 − 𝑓𝑎𝑐𝑡𝑜𝑟 + 𝐸𝐺𝑃 × 𝐶𝐻4 − 𝑓𝑎𝑐𝑡𝑜𝑟 × 𝐶𝐻4 − 𝐺𝑊𝑃 + 𝐸𝐺𝑃 × 𝑁2𝑂 − 𝑓𝑎𝑐𝑡𝑜𝑟 × 𝑁2𝑂 − 𝐺𝑊𝑃) ×601 

(1000 (𝑝𝑒𝑟 𝑘𝑖𝑙𝑜𝑚𝑒𝑡𝑒𝑟 → 𝑡𝑜𝑡𝑎𝑙) ×
𝐸𝑇𝐿

1000000(𝑔𝑟𝑎𝑚→𝑡𝑜𝑛)
∗
300,000 𝑘𝑖𝑙𝑜𝑚𝑒𝑡𝑒𝑟𝑠

1,000,000 𝑔𝐶𝑂2−𝐸𝑞.
). 602 

 Where EGP: electricity generation price: 0.15 QAR/kWh; CO2-factor (Scenarios 1,2): 9582237.199 KgCO2/ M€; CH4-factor(Scenarios 1,2): 603 
1588.725084 KgCH4/ M€; CH4-GWP: 27.9; N2O-factor (Scenarios 1,2): 25.72143439 KgN2O/ M€; CO2-factor (Scenarios 3,4): 9582237.199 KgCO2/ 604 
M€; CH4-factor(Scenarios 3,4): 1588.725084 KgCH4/ M€; CH4-GWP: 27.9; N2O-factor (Scenarios 3,4): 25.72143439 KgN2O/ M€; N2O-GWP: 273; 605 
ETL: electricity transmission losses factor: 1.1. 606 

Supplementary Table 13 | Monte Carlo simulation results. n=10,000 samples607 

Scenario Scenario 1 Scenario 2 Scenario 3 Scenario 4
Mean (t CO2-Eq) 28.669 36.773 13.028 24.119

Standard deviation (t CO2-Eq) 5.801 8.59 4.753 8.185
Interquartile range (t CO2-Eq) 6.589 9.738 5.486 9.166

Skewness 0.065348 1.42754 1.58115 1.62714
Kurtosis 3.29811 7.43156 6.69035 7.46002
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624 

Supplementary Supplementary Fig. 11 shows the breakdown of each phase in the life cycle for scenarios 3 and 4 using 625 

Photovoltaics. 626 

627 

     (a)                                                                                                                                (b) 628 



629 

Supplementary Fig. 11 | Breakdown of life cycle emissions. a, Scenario 3. b, Scenario 4. This figure aims to provide a breakdown 630 

of life cycle emissions by phase and process simultaneously.   631 

632 

633 

634 

635 

Supplementary Table 14 | Manufacturing, operation, and end-of-life phases cost combinations summary. n=10,000 samples.636 

Statistical measure Value 

Mean 51579.5 

Standard error 233.5 



Median 50648 

Mode 49876 

Standard deviation 9706.2 

Sample variance 94210631.3 

Kurtosis 0.842 

Skewness 0.762 

Range 56769 

Minimum 28940 

Maximum 85709 

n 1728 
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