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Materials for today

David JC MacKay. Sustainable Energy - Without the Hot Air. UIT
Cambridge Ltd., 1 edition, February 2009. Chapters 3 & 20 (A, optional)

Marco Miotti, Geo!rey J. Supran, Ella J. Kim, and Jessika E. Trancik.
Personal Vehicles Evaluated against Climate Change Mitigation Targets.
Environmental Science & Technology, 50(20):1079510804, October 2016.
doi. URL. Publisher: American Chemical Society.

Noah Kittner, Ioannis Tsiropoulos, Dalius Tarvydas, Oliver Schmidt, Iain
Sta!ell, and Daniel M. Kammen. Electric vehicles. In Technological
Learning in the Transition to a Low-Carbon Energy System, pages 145163.
Elsevier, 2020. ISBN 978-0-12-818762-3. doi. URL.

Victoria Penney. Electric Cars Are Better for the Planet and Often Your
Budget, Too. New York Times, January 2021. URL.

Andrew J. Hawkins. Yes, the new electric vehicle tax credits are really
confusing, but we can help, The Verge, August 2022. URL.

M.J. Bradley & Associates. Financial Incentives for Electric Vehicles, 2022.
URL.
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Personal transport

Main questions for today:

Why is personal mobility important in terms of energy?
! Are EVs more e"cient than ICE cars?
! How much? Is this the same in all places?

What about other vehicles?
! bicycles
! electric bicycles, scooters

What policies move the international vehicle market?
! (One answer: Mary Nichols and the California Air Resources Board!)

What does the Inflation Reduction Act do?
! how do its policy incentives work?

Next week: what about the larger infrastructure needed?
! roads
! fuel infrastructure (oil, grid)
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Mobility is a superpower
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Mobility is a superpower

Mobility is the ability to access:

jobs

housing

services

leisure
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Mobility is a superpower

Mobility is the ability to access:

jobs

housing

services

leisure

Enabling mobility in cities is particularly hard due to population density.
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Carbon emissions from personal transport

Daniel Sperling at UC Davis has a nice way to think about this:

Mobility (vehicle-miles-traveled)

David Hsu (MIT) Energy & personal transport September 22, 2022 5 / 36



Carbon emissions from personal transport

Daniel Sperling at UC Davis has a nice way to think about this:

Mobility (vehicle-miles-traveled)

× Vehicle energy efficiency (energy use / vehicle mile)

David Hsu (MIT) Energy & personal transport September 22, 2022 5 / 36



Carbon emissions from personal transport

Daniel Sperling at UC Davis has a nice way to think about this:

Mobility (vehicle-miles-traveled)

× Vehicle energy efficiency (energy use / vehicle mile)

× Carbon intensity of energy (GHG / unit of energy)

= GHG emissions
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Energy for transport: see Sankey diagram!

Sankey diagrams for the US and every state at flowcharts.LLNL.gov
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Energy for transport: see Sankey diagram!

Spend some time figuring out where the blue numbers come from:
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Energy for transport: see Sankey diagram!

Spend some time figuring out where the blue numbers come from:

Petroleum = 35.1 / 97.3 quads total = 36% of all US primary energy.

Petroleum to transport = 24.3 / 35.1 = 69% of all petroleum use.

Transportation = 26.9 / 73.7 = 36% of all sector energy use.

Energy services = 5.65 / 26.9 = 21% of energy input becomes services!

Rejected energy = 21.2 / 26.9 = 78% of energy input is wasted.
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When I started teaching this class in 2017 . . .

From The Economist, August 12, 2017
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© The Economist. All rights reserved. This content is excluded from our Creative 
Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use/. 
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More recently:

Bloomberg New Energy Finance Electric Vehicle Outlook 2022
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© Bloomberg New Energy Finance. All rights reserved. This content is excluded from our 
Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use/. 
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EVs are still very new!

Bolt EV introduced in 2016, Tesla Model 3 in 2017

most automakers have yet to introduce EV models
EV sales as share of new cars in the 1H 2021 " 1H 2022:

! globally: 4-5% ! 12%
! Germany:
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EVs are still very new!

Bolt EV introduced in 2016, Tesla Model 3 in 2017

most automakers have yet to introduce EV models
EV sales as share of new cars in the 1H 2021 " 1H 2022:

! globally: 4-5% ! 12%
! Germany: 12% ! 13.6%
! China: 12% ! 20%
! U.S.: 3.6% ! 6.2% (despite declines in sales of other vehicles)

David Hsu (MIT) Energy & personal transport September 22, 2022 10 / 36

https://insideevs.com/news/601630/global-plugin-electric-car-sales-june2022/
https://insideevs.com/news/604269/germany-plugin-car-sales-july-2022/
https://insideevs.com/news/606460/china-plugin-car-sales-july2022/
https://jalopnik.com/electric-vehicle-sales-jump-41-percent-in-first-half-of-1849434323


Start by analyzing private vehicles, i.e. personal transport
Vertical axis in terms of energy consumption (kWh / 100 p-km)

Mackay, Figure 20.23
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https://www.withouthotair.com/c20/page_128.shtml


Vehicle e!ciency

Policy question: which vehicles should we focus on making more e!cient?

making SUVs slightly less gross: 11 MPG to 13 MPG?

making passenger cars super-e!cient: 29 MPG to 49 MPG?
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Vehicle e!ciency

Policy question: which vehicles should we focus on making more e!cient?

making SUVs slightly less gross: 11 MPG to 13 MPG?

making passenger cars super-e!cient: 29 MPG to 49 MPG?

gallons/11miles = 0.091

gallons/13miles = 0.077

gallons/29miles = 0.034

gallons/49miles = 0.020

The di"erence between both pairs of vehicles is the same: 0.14 gallons per
mile!
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Powertrain options

Internal combustion engine (ICE):
! burning fossil fuels (FF) moves the car
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Powertrain options

Internal combustion engine (ICE):
! burning fossil fuels (FF) moves the car

Hybrid (Prius, etc.):
! FF moves the car
! battery (e-) stores power from braking, moves car

Plug-in hybrid (PHEV):
! battery (e-) moves car (20-40 miles)
! FF extends range, charges battery

Electric vehicle (EV)
! battery (e-) moves car (200-400 miles)
! drastically less maintenance (1/2)
! less mechanically complex
! depends largely on battery costs
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Figure 9.1 of powertrains from Kittner et al
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Internal combustion engine SUV, 22 mpg:

10kWH

l
× gal

22miles
× l

0.26 gal
× mile

1.6 km
× 100

100
=

109 kWH

100 km
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10kWH

l
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22miles
× l
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× mile

1.6 km
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=
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Internal combustion engine SUV, 22 mpg:

10kWH

l
× gal

22miles
× l

0.26 gal
× mile

1.6 km
× 100

100
=

109 kWH

100 km

Hybrid, Toyota Prius, 56 mpg:

10kWH

l
× gal

56miles
× l

0.26 gal
× mile

1.6 km
× 100

100
=

42.9 kWH

100 km

EVs: Mackay’s researched assumption for 2009:

15− 20 kWH

100 km

Multiple between these vehicle types: SUV/EV = 5-7x, Hybrid/EV = 2-3x
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Have EVs changed since Mackay’s 2009 book?

Car model, Energy Range Range E./dist. Cost E./d.$.
(’year) [kWH] [miles] [km] [ kWH

100km ] [$] [ kWH×cost
100km ]

Mackay (’09) 15 100 15
Mackay, cons. est. 20 100 20
Tesla Roadster (’08) 53 220 354 15
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Have EVs changed since Mackay’s 2009 book?

Car model, Energy Range Range E./dist. Cost E./d.$.
(’year) [kWH] [miles] [km] [ kWH

100km ] [$] [ kWH×cost
100km ]

Mackay (’09) 15 100 15
Mackay, cons. est. 20 100 20
Tesla Roadster (’08) 53 220 354 15
Tesla S (’12) 85 85 270 415 20 $80 1600
Tesla X 90 325 500 18 $82.5 1485
Chevy Bolt (’16) 60 240 370 16 $37.5 600
Tesla 3 std. (’17) 50 220 339 15 $45 675
Tesla 3 LR (’17) 75 315 485 16 $60 960
Kia Niro (’18) 64 243 375 17 $40 680
Kia Soul (’18) 64 293 451 14 $40 560
Hyundai Kona (’19) 64 259 400 16 $40 640
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What about the carbon of the electricity for EVs?
(Mackay 2009)
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Text courtesy of David MacKay. License: CC BY-NC-SA. 
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© Union of Concerned Scientists. All rights reserved. This content is excluded from our 
Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use/. 

Figure: Union of Concerned Scientists 

https://www.ucsusa.org/clean-vehicles/electric-vehicles/ev-emissions-tool
https://ocw.mit.edu/help/faq-fair-use/


Lifecycle analysis

Consider the environmental impact from the complete lifecycle of the
vehicle, including:

manufacturing (also: construction)

fuel use (also: subsequent users, time of use, occupancy, etc.)

scrappage (also: waste, decomposition)
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Lifecycle analysis

Consider the environmental impact from the complete lifecycle of the
vehicle, including:

manufacturing (also: construction)

fuel use (also: subsequent users, time of use, occupancy, etc.)

scrappage (also: waste, decomposition)

Depends heavily on accounting / attribution:

what do we measure? costs, carbon emissions . . .

how do we discount over time?

boundaries around the object?
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Miotti et al paper, methodology, page 10797
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© American Chemical Society. All rights reserved. This content is excluded from our 
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Miotti et al paper, figure 1
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Miotti et al paper, figure 4
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Outside Magazine, Sept. 8, 2022
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© Outside Magazine. All rights reserved. This content is excluded from our Creative 
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Two- and three-wheeled vehicles

Pigalle on Flickr, CC BY-NC-SA 2.0
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Two- and three-wheeled vehicles

By Ubong-isaac - Own work, CC BY-SA 4.0
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https://commons.wikimedia.org/w/index.php?curid=77540605


Two- and three-wheeled vehicles

Bloomberg NEF EVO 2022
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© Bloomberg NEF. All rights reserved. This content is excluded from our Creative 
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NYT, 8/29/2022
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Mary Nichols & California Air Resources Board (CARB)

State of CA intervenes in local air
pollution issues, leads to Air Quality
Management District (AQMD) and
CARB before the U.S. Clean Air Act.

As 28-year old Yale Law grad,
successfully sues the EPA for not
enforcing the Clean Air Act of 1970.

Joins CARB in 1975; chairman in 1979.

Clinton’s EPA in 1993, works on sulfur
dioxide and acid rain; first national limit
on fine particulates; rejoins CARB in
2003 under Schwarzenegger and Brown
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CARB standards / ZEV mandates

Question: How do you force large national and international automakers?

2025: goal is 22 percent zero-emission vehicles (ZEV)

ZEV states (CA + 13 states) = 800,000 vehicles

23 states sue to stop EPA rollbacks in fall 2019
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CARB standards / ZEV mandates

Question: How do you force large national and international automakers?

2025: goal is 22 percent zero-emission vehicles (ZEV)

ZEV states (CA + 13 states) = 800,000 vehicles

23 states sue to stop EPA rollbacks in fall 2019

manufacturers must make enough vehicles = 15.4% of all sales in CA

will add $1900 to cost of new vehicle, but paid back in 3 yrs.

47% reduction in GHG emissions compared to today

75% reduction in air pollution compared to today

2035: goal is 100 percent of new vehicles sold will be ZEV

also greater use of low-carbon fuels being promoted

2050: only ICE cars are being phased out

current: 99.9% of all cars run on gas

target: 52.6% fuel cell, 16.8% batt. elect., 9.7% plugin, 20.9% gas
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What did the Inflation Reduction Act do?

Hawkins, M.J. Bradley articles:

extended incentives for manufacturers over 200K vehicles

point-of-sale tax rebates for EVs, to overcome higher upfront costs

first time tax rebates for used EVs

domestic manufacturing requirements for vehicles and batteries

probably more . . .
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See you in class or at the next lecture!
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