




Fig. S1. Comparison of existing air pollution external damage estimates normalized to ¢2010∕VKT. (Costs are converted from their base currency and year
to dollars with the following factors: 1.7 £1993 per $1993, 1.3 ECU1990 per $1990, 44 Rs2005 per $2005.) ECU, European currency unit; LDGV, light-duty gasoline
vehicle; LDA, light-duty automobile.

Fig. S2. Portion of distance traveled in CD-mode as a function of distance of data truncation. Cumulative distribution function (CDF) indicates portion of
driving days with distance shorter than the associated distance (50).

Fig. S3. Base case air emissions and oil premium costs by source ($2010 per vehicle lifetime). PHEV and BEV numbers indicate battery range in kilometers.
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Fig. S4. Base case air emissions and oil premium costs by type ($2010 per vehicle lifetime). PHEV and BEV numbers indicate battery range in kilometers.

Fig. S5. Breakdown of base case air emissions and oil premium costs ($2010 per vehicle lifetime). PHEV and BEV numbers indicate battery range in kilometers.

Fig. S6. Net present value of base case lifetime vehicle ownership costs plus air emissions and oil premium costs ($2010 per vehicle lifetime). PHEV and BEV
numbers indicate battery range in kilometers.
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Fig. S7. Lifetime air emission and oil premium costs with sensitivity analysis ($2010 per vehicle lifetime). PHEV and BEV numbers indicate battery range in
kilometers. (The base case shows the breakdown of emissions damages. The remaining sensitivity cases show an outline of the base case in gray with error bars
displaying the change in total damages under the alternative scenarios indicated.)

Fig. S8. Net present value of lifetime ownership costs plus air emission and oil premium costs with sensitivity analysis ($2010 per vehicle lifetime). PHEVand BEV
numbers indicate battery range in kilometers. (The base case shows the breakdown of lifetime costs and damages. The remaining sensitivity cases show an
outline of the base case in gray with error bars displaying the change in total costs under the alternative scenarios indicated.)
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Table S1. Lifetime emissions (grams) summary for an ICEV with a lead-acid battery

Battery assembly Battery upstream Vehicle assembly Vehicle upstream Total

Base case (US avg grid mix)
CO2 326,472 31,939 927,115 6,299,055 7,584,582
CH4 440 101 1,582 11,032 13,154
N2O 4.6 0.4 13 70 88
CO2e 338,837 34,572 970,605 6,595,582 7,939,596
VOC 29 7.2 1,817 31,166 33,019
CO 87 18 362 39,473 39,941
NOx 356 59 2,100 9,495 12,009
PM10 430 119 1,511 11,039 13,099
PM2.5 113 44 560 4,494 5,211
SOx 782 446 2,945 17,812 21,985
Low case (hydroelectric supply)
CO2 0 20,758 500,209 4,462,802 4,983,768
CH4 0 86 785 8,528 9,398
N2O 0 0.2 4.8 43 48
CO2e 0 22,972 521,271 4,688,758 5,233,001
VOC 0 6.2 1,778 31,002 32,787
CO 0 15 249 38,985 39,249
NOx 0 47 1,634 7,493 9,174
PM10 0 105 949 8,622 9,675
PM2.5 0 40 464 3,873 4,377
SOx 0 420 1,922 13,426 15,768
High case (coal electric supply)
CO2 522,422 38,650 1,183,441 7,401,062 9,145,574
CH4 569 105 1,817 11,772 14,263
N2O 5.2 0.4 14 73 92
CO2e 538,194 41,397 1,233,111 7,717,018 9,529,721
VOC 41 7.6 1,832 31,232 33,112
CO 103 18 384 39,566 40,072
NOx 548 65 2,351 10,575 13,540
PM10 839 133 2,047 13,342 16,361
PM2.5 218 48 645 5,065 5,975
SOx 1,369 465 3,712 21,102 26,648

The battery assembly and upstream emissions reported are for the GREET default three batteries per vehicle
lifetime.
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Table S2. Lifetime emissions (grams) summary for an HEV with n NiMH battery

Battery assembly Battery upstream Vehicle assembly Vehicle upstream Total

Base case (US avg grid mix)
CO2 653,892 721,252 927,115 5,654,728 7,956,987
CH4 880 1,096 1,582 9,708 13,267
N2O 9.3 9.6 13 63 95
CO2e 678,657 751,511 970,605 5,916,055 8,316,828
VOC 59 78 1,817 30,952 32,905
CO 174 916 362 34,642 36,094
NOx 713 849 2,100 8,677 12,338
PM10 861 1,011 1,511 9,414 12,797
PM2.5 227 313 560 3,873 4,973
SOx 1,567 10,531 2,945 21,499 36,542
Low case (hydroelectric supply)
CO2 0 159,669 500,209 3,940,502 4,600,380
CH4 0 342 785 7,363 8,490
N2O 0 1.6 4.8 38 44
CO2e 0 168,696 521,271 4,135,756 4,825,723
VOC 0 27 1,778 30,799 32,605
CO 0 766 249 34,186 35,201
NOx 0 237 1,634 6,809 8,680
PM10 0 272 949 7,157 8,378
PM2.5 0 118 464 3,295 3,876
SOx 0 9,187 1,922 17,401 28,510
High case (coal electric Supply)
CO2 1,046,359 1,058,315 1,183,441 6,683,496 9,971,612
CH4 1,140 1,319 1,817 10,401 14,677
N2O 10 11 14 65 101
CO2e 1,077,950 1,094,424 1,233,111 6,963,017 10,368,502
VOC 82 98 1,832 31,014 33,025
CO 207 944 384 34,729 36,264
NOx 1,097 1,180 2,351 9,686 14,314
PM10 1,681 1,716 2,047 11,563 17,006
PM2.5 436 493 645 4,405 5,979
SOx 2,742 11,539 3,712 24,572 42,566

The battery assembly and upstream emissions reported are for the GREET default two batteries per vehicle
lifetime. Battery values reported here are scaled for battery life sensitivity cases.
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Table S3. Lifetime emissions (grams) summary for an HEV with a Li-ion battery

Battery assembly Battery upstream Vehicle assembly Vehicle upstream Total

Base Case (US avg Grid Mix)
CO2 113,925 339,183 927,115 5,734,388 7,114,611
CH4 153 530 1,582 9,847 12,113
N2O 1.6 4.5 13 63 83
CO2e 118,240 353,791 970,605 5,999,467 7,442,103
VOC 10 34 1,817 30,964 32,825
CO 30 103 362 35,251 35,746
NOx 124 414 2,100 8,766 11,405
PM10 150 514 1,511 9,559 11,734
PM2.5 40 170 560 3,931 4,700
SOx 273 2,226 2,945 21,814 27,258
Low case (hydroelectric supply)
CO2 0 97,016 500,209 3,995,382 4,592,607
CH4 0 205 785 7,469 8,459
N2O 0 1.1 4.8 38 44
CO2e 0 102,474 521,271 4,193,458 4,817,203
VOC 0 12 1,778 30,809 32,600
CO 0 38 249 34,788 35,075
NOx 0 151 1,634 6,871 8,656
PM10 0 195 949 7,270 8,414
PM2.5 0 86 464 3,344 3,894
SOx 0 1,647 1,922 17,657 21,226
High case (coal electric supply)
CO2 182,303 484,531 1,183,441 6,778,030 8,628,306
CH4 199 626 1,817 10,550 13,192
N2O 1.8 4.9 14 66 87
CO2e 187,807 501,661 1,233,111 7,061,558 8,984,138
VOC 14 43 1,832 31,027 32,915
CO 36 115 384 35,339 35,874
NOx 191 557 2,351 9,790 12,889
PM10 293 818 2,047 11,739 14,897
PM2.5 76 247 645 4,471 5,440
SOx 478 2,661 3,712 24,932 31,783

The battery assembly and upstream emissions reported are for the GREET default one battery per vehicle
lifetime. Battery values reported here are scaled for battery life sensitivity cases.

Table S4. GREET results for conventional gasoline to US refineries (grams per million British thermal units of
finished gasoline product)

CO2 CH4 N2O CO2e NOx PM10 PM2.5 SO2 VOC CO

0% oil sands
Feedstock production 5,131 93 0.09 7,486 28 2.7 1.7 11 3.7 6.3
Fuel refining 11,138 14 0.15 11,536 17 4.1 2.1 12 23 5.9
Total 16,268 107 0.24 19,022 45 6.8 3.7 24 27 12
9.4% oil sands
Feedstock production 3,956 91 0.08 6,263 28 2.6 1.6 12 3.6 6.1
Fuel refining 11,111 14 0.15 11,508 17 4.1 2.1 12 23 5.9
Total 15,068 105 0.22 17,771 46 6.7 3.7 24 27 12
100% oil sands
Feedstock production 16,416 110 0.22 19,244 27 3.9 2.0 8.4 4.5 7.6
Fuel refining 11,392 15 0.15 11,801 17 4.1 2.1 12 23 5.9
Total 27,808 125 0.37 31,045 44 8.0 4.1 21 27 14

Michalek et al. www.pnas.org/cgi/doi/10.1073/pnas.1104473108 17 of 29

http://www.pnas.org/cgi/doi/10.1073/pnas.1104473108


Ta
b
le

S5
.
Em

is
si
o
n
s
fr
o
m

p
o
w
er

g
en

er
at
io
n
(g
ra
m
s
o
f
p
o
llu

ta
n
t
p
er

m
eg

aw
at
t
h
o
u
r)

D
ir
ec
t
em

is
si
o
n
s

U
p
st
re
am

em
is
si
o
n
s

G
H
G

va
lu
e
ca
se

U
p
st
re
am

lo
ca
ti
o
n
ca
se

N
et

d
am

ag
es

ca
se

G
H
G
,
C
O

2
e

N
O

x
PM

1
0

PM
2
.5

SO
2

G
H
G
,
C
O

2
e

C
O

N
O

x
PM

1
0

PM
2
.5

SO
2

V
O
C

Ze
ro

5%
b
es
t

5%
b
es
t

0
0

0
0

0
0

0
0

0
0

0
0

Ze
ro

5%
b
es
t

50
%

m
ed

ia
n

89
4,
91

4
1,
34

8
18

8
12

8
32

9
44

,3
49

25
13

9
1,
62

2
40

4
68

73
Ze

ro
5%

b
es
t

95
%

w
o
rs
t

89
6,
83

2
2,
07

9
57

0
49

9
11

,6
27

44
,4
44

25
13

9
1,
62

6
40

5
69

73
Ze

ro
5%

b
es
t

w
ei
g
h
te
d
av

g
57

5,
84

1
87

2
14

3
11

9
2,
39

2
37

,1
05

24
10

6
92

4
23

0
53

49
Ze

ro
95

%
w
o
rs
t

5%
b
es
t

0
0

0
0

0
0

0
0

0
0

0
0

Ze
ro

95
%

w
o
rs
t

50
%

m
ed

ia
n

63
6,
24

8
45

58
57

6
11

3,
08

9
91

26
1

10
6

13
5

67
Ze

ro
95

%
w
o
rs
t

95
%

w
o
rs
t

80
9,
37

2
1,
25

2
56

2
43

1
9,
39

5
40

,1
11

23
12

6
1,
46

7
36

5
62

66
Ze

ro
95

%
w
o
rs
t

w
ei
g
h
te
d
av

g
57

5,
84

1
87

2
14

3
11

9
2,
39

2
37

,1
05

24
10

6
92

4
23

0
53

49
Lo

w
5%

b
es
t

5%
b
es
t

0
0

0
0

0
0

0
0

0
0

0
0

Lo
w

5%
b
es
t

50
%

m
ed

ia
n

1,
11

3,
85

7
1,
81

0
4

4
3

11
4,
34

3
92

26
4

10
6

13
7

68
Lo

w
5%

b
es
t

95
%

w
o
rs
t

90
1,
17

0
1,
60

6
38

2
35

3
10

,7
99

44
,7
44

25
14

0
1,
63

7
40

7
69

74
Lo

w
5%

b
es
t

w
ei
g
h
te
d
av

g
57

5,
84

1
87

2
14

3
11

9
2,
39

2
37

,1
05

24
10

6
92

4
23

0
53

49
Lo

w
95

%
w
o
rs
t

5%
b
es
t

0
0

0
0

0
0

0
0

0
0

0
0

Lo
w

95
%

w
o
rs
t

50
%

m
ed

ia
n

91
0,
85

0
1,
44

8
23

6
15

5
2,
47

3
45

,1
39

25
75

1,
65

1
41

1
70

75
Lo

w
95

%
w
o
rs
t

95
%

w
o
rs
t

1,
38

8,
66

6
97

7
23

3
21

2
4,
01

8
68

,4
62

39
11

3
2,
50

4
62

3
10

6
11

3
Lo

w
95

%
w
o
rs
t

w
ei
g
h
te
d
av

g
57

5,
84

1
87

2
14

3
11

9
2,
39

2
37

,1
05

24
49

92
4

23
0

53
49

M
ed

iu
m

5%
b
es
t

5%
b
es
t

0
0

0
0

0
0

0
0

0
0

0
0

M
ed

iu
m

5%
b
es
t

50
%

m
ed

ia
n

93
5,
56

1
2,
42

7
35

1
21

4
73

0
46

,4
31

26
14

5
1,
69

8
42

3
72

77
M
ed

iu
m

5%
b
es
t

95
%

w
o
rs
t

91
7,
48

2
1,
83

7
65

4
55

1
9,
33

4
45

,4
70

26
14

2
1,
66

3
41

4
70

75
M
ed

iu
m

5%
b
es
t

w
ei
g
h
te
d
av

g
57

5,
84

1
87

2
14

3
11

9
2,
39

2
37

,1
05

24
10

6
92

4
23

0
53

49
M
ed

iu
m

95
%

w
o
rs
t

5%
b
es
t

0
0

0
0

0
0

0
0

0
0

0
0

M
ed

iu
m

95
%

w
o
rs
t

50
%

m
ed

ia
n

95
1,
97

0
1,
53

4
12

2
10

9
60

0
47

,2
17

27
14

8
1,
72

7
43

0
73

78
M
ed

iu
m

95
%

w
o
rs
t

95
%

w
o
rs
t

1,
01

7,
58

7
1,
69

5
37

4
37

4
7,
29

8
50

,4
59

28
15

8
1,
84

6
45

9
78

83
M
ed

iu
m

95
%

w
o
rs
t

w
ei
g
h
te
d
av

g
57

5,
84

1
87

2
14

3
11

9
2,
39

2
37

,1
05

24
10

6
92

4
23

0
53

49
H
ig
h

5%
b
es
t

5%
b
es
t

0
0

0
0

0
0

0
0

0
0

0
0

H
ig
h

5%
b
es
t

50
%

m
ed

ia
n

82
3,
78

0
1,
58

4
22

10
2

14
7,
35

2
11

9
34

0
12

8
17

6
88

H
ig
h

5%
b
es
t

95
%

w
o
rs
t

87
6,
41

7
1,
90

2
53

9
35

6
11

,2
49

43
,7
76

25
13

7
1,
60

1
39

9
68

72
H
ig
h

5%
b
es
t

w
ei
g
h
te
d
av

g
57

5,
84

1
87

2
14

3
11

9
2,
39

2
37

,1
05

24
10

6
92

4
23

0
53

49
H
ig
h

95
%

w
o
rs
t

5%
b
es
t

0
0

0
0

0
0

0
0

0
0

0
0

H
ig
h

95
%

w
o
rs
t

50
%

m
ed

ia
n

86
3,
16

4
3,
33

0
14

8
14

8
54

15
4,
86

0
12

5
35

7
13

8
18

5
92

H
ig
h

95
%

w
o
rs
t

95
%

w
o
rs
t

99
5,
35

0
2,
46

5
1,
12

4
70

7
11

,8
66

49
,6
12

28
15

5
1,
81

5
45

2
77

82
H
ig
h

95
%

w
o
rs
t

w
ei
g
h
te
d
av

g
57

5,
84

1
87

2
14

3
11

9
2,
39

2
37

,1
05

24
10

6
92

4
23

0
53

49

Michalek et al. www.pnas.org/cgi/doi/10.1073/pnas.1104473108 18 of 29

http://www.pnas.org/cgi/doi/10.1073/pnas.1104473108


Table S6. Portion of distance driven in CD mode

PHEV20 PHEV60

Drivetrain split series
CD control strategy blended all-electric
CD-mode range 20.6 km 40.9 km
Portion of distance traveled in CD mode 28% 47%

NHTS data truncated at 1,000 mi (1600 km).
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Table S8. Vehicle assembly emissions valuation cases ($2010∕t)

Location CO NOx PM10 PM2.5 SO2 VOC

Base case emissions
5% best 68 1,994 817 4,962 1,824 1,716
50% median 548 2,305 5,466 29,493 3,830 2,338
95% worst 713 3,622 7,889 60,052 18,448 3,624
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
Low emissions
5% best 54 1,937 681 4,261 1,919 1,591
50% median 129 2,704 1,481 9,270 7,088 2,527
95% worst 760 3,200 7,979 63,770 18,209 3,281
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
High emissions
5% best 111 752 1,134 6,050 3,033 717
50% median 120 3,149 1,425 9,739 6,875 2,703
95% worst 760 3,200 7,979 63,770 18,209 3,281
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400

CO2e costs ($2010∕t) are varied in the GHG valuation scenario at $14 (low), $42 (medium,
base), $140 (high), or $0 (zero).

Table S9. Battery assembly emissions valuation cases ($2010∕t)

Location CO NOx PM10 PM2.5 SO2 VOC

Base case emissions
5% best 79 2,380 937 5,937 1,936 2,065
50% median 134 1,543 1,546 11,730 7,829 1,497
95% worst 627 3,730 6,960 51,878 19,196 3,732
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
Low emissions
5% best N/A N/A N/A N/A N/A N/A
50% median N/A N/A N/A N/A N/A N/A
95% worst N/A N/A N/A N/A N/A N/A
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
High emissions
5% best 53 1,060 649 3,338 2,934 1,021
50% median 145 3,298 1,677 11,208 7,155 2,916
95% worst 591 9,337 6,860 47,888 17,173 8,766
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400

CO2e costs ($2010∕t) are varied in the GHG valuation scenario at $14 (low), $42 (medium,
base), $140 (high), or $0 (zero). N/A, not applicable.
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Table S10. Vehicle upstream emissions valuation cases ($2010∕t)

Location CO NOx PM10 PM2.5 SO2 VOC

Conventional vehicle
Base case emissions
5% best 49 182 637 4,127 2,720 395
50% median 109 3,021 1,426 8,158 7,131 882
95% worst 500 3,623 6,560 48,848 16,962 4,681
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
Low emissions
5% best 49 182 637 4,127 2,720 395
50% median 111 1,561 1,458 10,667 7,018 1,039
95% worst 627 1,309 8,226 56,613 14,325 5,328
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
High emissions
5% best 66 1,512 859 3,732 2,163 371
50% median 106 2,445 1,392 8,231 7,464 817
95% worst 643 5,158 8,426 56,061 13,066 5,508
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
Hybrid electric vehicle
Base case emissions
5% best 43 854 564 2,861 2,734 276
50% median 98 3,279 1,284 8,543 6,803 923
95% worst 832 4,083 10,904 65,414 10,935 6,260
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
Low emissions
5% best 52 1,541 687 3,600 2,204 368
50% median 110 2,769 1,440 8,157 7,295 838
95% worst 643 5,158 8,426 56,061 13,066 5,508
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
High emissions
5% best 76 1,542 999 3,870 2,113 392
50% median 96 2,705 1,261 9,378 6,842 921
95% worst 508 2,917 6,660 48,368 16,787 4,636
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
Plug-in hybrid electric vehicle
Base case emissions
5% best 80 971 1,044 3,887 2,357 377
50% median 98 3,279 1,284 8,543 6,803 923
95% worst 508 2,917 6,660 48,368 16,787 4,636
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
Low emissions
5% best 55 1,776 726 4,497 1,794 452
50% median 96 2,226 1,258 9,478 7,048 956
95% worst 643 5,158 8,426 56,061 13,066 5,508
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
High emissions
5% best 76 1,542 999 3,870 2,113 392
50% median 96 2,705 1,261 9,378 6,842 921
95% worst 508 2,917 6,660 48,368 16,787 4,636
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400

CO2e costs ($2010∕t) are varied in the GHG valuation scenario at $14 (low), $42 (medium,
base), $140 (high), or $0 (zero).
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Table S11. Battery upstream emissions valuation cases ($2010∕t)

Location CO NOx PM10 PM2.5 SO2 VOC

Pb acid for conventional vehicle
Base case emissions
5% best 74 1,534 967 3,807 2,153 389
50% median 189 2,070 2,483 16,333 6,163 1,560
95% worst 449 3,168 5,887 43,486 17,322 4,198
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
Low emissions
5% best 66 1,512 859 3,732 2,163 371
50% median 97 2,768 1,268 8,125 6,898 863
95% worst 449 3,168 5,887 43,486 17,322 4,198
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
High emissions
5% best 61 1,909 801 5,074 1,970 507
50% median 97 2,768 1,268 8,125 6,898 863
95% worst 449 3,168 5,887 43,486 17,322 4,198
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
NiMH battery for HEV
Base case emissions
5% best 60 1,435 783 3,713 2,170 368
50% median 88 2,272 1,149 7,876 6,809 774
95% worst 508 2,917 6,660 48,368 16,787 4,636
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
Low emissions
5% best 86 2,335 1,121 6,603 2,099 670
50% median 94 2,560 1,236 8,359 6,773 827
95% worst 508 2,917 6,660 48,368 16,787 4,636
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
High emissions
5% best 70 1,490 911 3,646 2,165 370
50% median 94 2,560 1,236 8,359 6,773 827
95% worst 468 5,435 6,135 41,304 16,818 4,182
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
Li-ion battery for PHEV
Base case emissions
5% best 64 1,895 838 5,319 1,963 533
50% median 85 2,206 1,117 7,744 6,910 760
95% worst 788 1,167 10,333 54,940 16,624 5,207
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
Low emissions
5% best 60 1,435 783 3,713 2,170 368
50% median 101 2,888 1,325 9,201 6,732 919
95% worst 788 1,167 10,333 54,940 16,624 5,207
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400
High emissions
5% best 66 1,512 859 3,732 2,163 371
50% median 280 6,610 3,676 27,241 4,210 2,610
95% worst 788 1,167 10,333 54,940 16,624 5,207
Avg all counties 184 2,009 2,418 16,241 7,131 1,579
Avg auto counties 448 2,577 4,763 31,966 12,735 2,400

CO2e costs ($2010∕t) are varied in the GHG valuation scenario at $14 (low), $42 (medium,
base), $140 (high), or $0 (zero).
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Table S12. Gasoline production refinery emissions valuation cases ($2010∕t)

Location CO NOx PM10 PM2.5 SO2 VOC

5% best 45 951 552 2,807 1,754 273
50% median 130 3,000 1,463 11,398 3,289 1,094
95% worst 3,828 667 39,578 235,784 144,782 21,860
Weighted avg 648 2,006 6,712 43,844 18,016 4,136

Table S13. Gasoline production upstream emissions valuation cases ($2010∕t)

Location CO NOx PM10 PM2.5 SO2 VOC

0% oil sands
5% best 36 612 478 1,996 3,387 197
50% median 153 1,904 2,009 11,965 3,705 1,154
95% worst 998 5 13,091 103,298 20,948 9,812
Weighted avg 241 2,877 3,160 21,868 7,489 2,092
9.4% oil sands
5% best 50 1,178 660 3,162 1,759 313
50% median 153 1,904 2,009 11,965 3,705 1,154
95% worst 998 5 13,091 103,298 20,948 9,812
Weighted avg 241 2,877 3,160 21,868 7,489 2,092
100% oil sands
5% best 32 726 422 1,945 3,560 193
50% median 92 2,709 1,211 8,234 2,221 800
95% worst 549 1,374 7,197 42,517 35,894 4,035
Weighted avg 241 2,877 3,160 21,868 7,489 2,092

For each of the oil sands scenarios (0%, 9.4%, and 100%) shown, CO2e costs ($2010∕t) are
varied in a GHG valuation scenario at $14 (low), $42 (medium, base), $140 (high), or
$0 (zero).

Table S14. Valuation of upstream emissions for coal and
natural gas (¢2010∕GJ of fuel)

Pollutant Natural gas Coal

Low, 5% High, 95% Low, 5% High, 95%

NOx 0.81 4.39 4.56 4.01
PM2.5 0.00 0.00 0.00 0.00
SO2 102.93 232.67 4.19 19.52
PM10 0.00 0.00 0.06 0.33
CO 0.16 0.92 0.71 0.62
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Table S16. Driving pollutant valuation ð$2010∕t)
Pollutant Base case, weighted avg Low damages, 5% best-rural High damages, 95% worst-urban

VOC 7,159 364 16,110
NOx 3,445 1,160 9,232
PM2.5 75,850 3,729 171,208
SO2 25,512 2,173 40,857
PM10 11,644 786 25,812
CO 886 298 2,374

Table S17. Externality costs due to supply disruption ($2010∕bbl) (69)

Domestic Imports Avg

Low Mid High Low Mid High Low Mid High

GDP loss 0.81 3.84 11.24 1.08 5.13 14.85 0.95 4.51 13.11
Transfers −0.61 −0.88 −2.07 0.07 0.12 0.26 −0.96 −0.37 −0.16
Total 0.20 2.96 9.16 1.16 5.24 15.01 −0.01 4.15 12.96

Table S18. Externality allocation to refined petroleum products (1)

Volumetric yield (gal output/bbl oil input) Fraction of output ¢∕gal output per
$∕bbl oil input

Mass, % Energy, % Volume, % Mass Energy Volume

Liquefied refinery gases 1.764 2.66 2.58 3.94 1.51 1.46 2.23
Finished motor gasoline 19.404 39.83 41.26 43.34 2.05 2.13 2.23
Finished aviation gasoline 0.042 0.08 0.09 0.09 1.97 2.04 2.23
Kerosene-type jet fuel 3.906 8.63 8.97 8.72 2.21 2.30 2.23
Kerosene 0.042 0.10 0.10 0.09 2.27 2.30 2.23
Distillate fuel oil 11.256 26.42 26.54 25.14 2.35 2.36 2.23
Residual fuel oil 1.680 4.42 4.28 3.75 2.63 2.54 2.23
Naphtha for petrochemical feedstock use 0.462 0.98 0.98 1.03 2.13 2.12 2.23
Other oils for petrochemical feedstock use 0.420 0.89 0.89 0.94 2.13 2.12 2.23
Special naphthas 0.084 0.18 0.18 0.19 2.13 2.12 2.23
Lubricants 0.420 1.05 1.03 0.94 2.50 2.46 2.23
Waxes 0.042 0.09 0.09 0.09 2.22 2.24 2.23
Petroleum coke 2.226 7.07 5.43 4.97 3.18 2.44 2.23
Asphalt and road oil 1.008 2.91 2.71 2.25 2.89 2.69 2.23
Still gas 1.806 4.22 4.39 4.03 2.33 2.43 2.23
Miscellaneous products 0.210 0.46 0.49 0.47 2.18 2.35 2.23

Barrels, bbl.

1 US Energy Information Administration (2010) Petroleum and Other Liquids: Refinery Yield. (US Energy Information Admin, Washington, DC).
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Table S19. Vehicle production and retail cost ($2010)

Vehicle total cost High voltage battery system cost

CV HEV PHEV20 PHEV60 BEV CV HEV PHEV20 PHEV60 BEV

2015 literature review 15,346 17,912 18,865 22,973 35,771 0 1,379 1,755 5,820 21,302
2015 DOE goals 15,346 17,227 18,023 20,459 26,099 0 689 1,096 3,492 11,835
2015 literature review retail 23,019 26,868 28,298 34,459 52,450 0 2,068 2,632 8,730 31,953
2015 DOE goals retail 23,019 25,841 27,034 30,688 39,148 0 1,033 1,645 5,239 17,752
2030 literature review 15,346 18,184 18,882 21,619 28,165 0 956 1,170 3,873 13,479
2030 DOE goals 15,346 16,095 16,377 17,571 18,998 0 503 479 1,652 6,221
2030 literature review retail 23,020 27,276 28,323 32,429 42,247 0 1,434 1,755 5,809 20,218
2030 DOE goals retail 23,020 26,214 26,638 28,427 30,568 0 755 719 2,479 9,332

Table S20. Oil premium ($2010∕gal)

Low case Base case High case

Supply disruption 0.00 0.09 0.28
Monopsony premium 0.07 0.22 0.45
Military spending 0.00 0.03 0.16
Total 0.07 0.34 0.89

Table S21. Operating Costs

Gasoline, $/gal Electricity, $/kWh

Min 2008–2010 1.590 0.1015
Avg 2008–2010 2.751 0.1138
Max 2008–2010 4.054 0.1206

Table S22. Scheduled maintenance costs ($2010∕gal per vehicle life)

CV HEV PHEV BEV

Lifetime oil change cost 1,486 1,413 926 0
Lifetime air filter replacement costs 117 154 77 0
Lifetime spark plug replacement costs 139 47 0 0
Lifetime timing chain adjustment costs 116 116 0 0
Lifetime front brake replacement costs 867 578 578 578
Additional scheduled maintenance costs 1,655 1,655 1,655 1,655
Total 4,380 3,962 3,235 2,232

Table S23. Charger costs (level 2) ($2010 per
vehicle life)

Equipment Installation Total

Low case 500 970 1,470
Base case 900 1,500 2,400
High case 2,500 4,000 6,500
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Table S24. Base case scenario

Factor Scenario

Electricity grid mix weighted avg
upstream location 5% best

Gasoline refining location weighted avg
upstream location weighted avg
upstream counties oil/gas counties

oil source 9.4% oil sands GREET

Mfg. assembly location weighted avg
upstream location weighted avg auto mfg. counties
electricity supply US avg grid mix

Vehicle data source GREET1.8d (2010)
tailpipe location weighted avg
NiMH battery life 12 y
Li-ion battery life 12 y

Costs vehicle price ANL 2015 literature review (retail)
gasoline price avg 2008–2010 ($2.75∕gal)
electricity price avg 2008–2010 ($0.114∕kWh)
charger cost medium

Valuation oil supply disruption medium ($0.09∕gal)
oil monopsony medium ($0.22∕gal)

oil military premium medium ($0.03∕gal)
GHG valuation medium ($42∕t)
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Table S25. Summary of base case air emission and oil premium costs ($2010 per vehicle lifetime)

Air emissions Oil premium
Total

GHGs CO NOx PM10 PM2.5 SO2 VOC Disruption Monopsony Military

CV
Vehicle production 316 18 30 60 162 264 79 928
Battery production 12 0 1 2 4 12 0 30
Gasoline production 290 2 51 16 56 137 45 597
Electricity production 0 0 0 0 0 0 0 0
Vehicle operation 1,408 292 22 31 106 0 102 335 829 120 3,246
Total 2,025 312 104 109 327 413 227 335 829 120 4,802
HEV
Vehicle production 287 16 28 52 142 311 79 915
Battery production 30 0 2 4 9 77 0 122
Gasoline production 207 2 36 11 40 98 32 426
Electricity production 0 0 0 0 0 0 0 0
Vehicle operation 1,009 292 19 31 106 0 72 239 592 86 2,447
Total 1,533 310 85 99 296 486 183 239 592 86 3,910
PHEV20
Vehicle production 291 16 28 53 144 315 79 925
Battery production 44 0 3 7 15 71 0 141
Gasoline production 168 1 30 9 33 79 26 346
Electricity production 149 0 8 4 10 91 0 263
Vehicle operation 819 209 13 29 91 0 52 194 481 70 1,958
Total 1,471 227 83 101 292 557 157 194 481 70 3,633
PHEV60
Vehicle production 291 16 28 53 144 315 79 925
Battery production 151 0 11 24 51 244 1 482
Gasoline production 146 1 26 8 28 69 23 300
Electricity production 439 0 25 11 30 268 0 772
Vehicle operation 708 156 10 27 81 0 39 168 417 60 1,666
Total 1,734 174 99 123 333 896 141 168 417 60 4,146
BEV240
Vehicle production 291 16 28 53 144 315 79 925
Battery production 532 2 44 101 213 1,012 3 1,906
Gasoline production 0 0 0 0 0 0 0 0
Electricity production 1,001 0 57 24 68 612 0 1,762
Vehicle operation 0 0 0 22 52 0 0 0 0 0 75
Total 1,824 18 129 200 476 1,939 82 0 0 0 4,667

Table S26. Lifetime ownership costs ($2010 per vehicle lifetime)

CV HEV PHEV20 PHEV60 BEV

Base vehicle cost 23,019 24,800 25,666 25,729 20,497
Initial battery cost 0 2,068 2,632 8,730 31,953
Battery replacement cost 0 0 0 0 0
Gasoline cost 12,386 8,847 7,189 6,226 0
Electricity cost 0 0 788 2,314 5,282
Scheduled maint. 4,380 3,962 3,235 3,235 2,232
Charger/instl. 0 0 1,200 2,400 2,400
Net cost 39,786 39,677 40,709 48,635 62,364
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