
Sustainable Mobility Technologies 
 

© 2024 Konstadinos Goulias 1

Notes prepared for the 
UMD Study Abroad Program on “Sustainability & Infrastructure” 18-30 May 2024

Athens, Greece

Konstadinos (Kostas) Goulias

Professor of Transportation
Department of Geography

University of California Santa Barbara



We will also explore this at the end

You want to buy an electric car

Question 1: Does the government (Federal and 
State) subsidize you?

Question 2: Why in this world would any 
government subsidize your car purchase?
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Check Options

• https://driveclean.ca.gov
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In Fall 2019 
(pre Covid pandemic)



In 2021
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But at the end of 
todays class I will 
show to you more on 
this!
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August 2022
Zipcode = 93117
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May 2024
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Outline

• Part 1 – Establish a baseline and vocabulary
– Pollutants and Internal Combustion Engines
– Greenhouse Gas Emissions
– Lifecycle Assessments

• Part 2 – Decarbonize with technology (if we 
have extra time)
– Robocars + electric cars
– Photovoltaics + electric cars
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Air Quality?
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Air is more “important” than water or 
food

• We breath, on average 22,000 times/day

• We breath approximately 2-3,000 gallons per day

• We can survive approximately 5 weeks with no food
• We can survive approximately 5 days with no water
• We can survive approximately 5 minutes without air

Note:  all these numbers are approximate and depend on age, weight, lifestyle and so forth (see also 
https://www.lung.org/blog/how-your-lungs-work
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Usual "Good" Air Composition (Clean Air):

78.09% Nitrogen by volume
20.94% Oxygen by volume

The Remaining 0.97% is made up by carbon
dioxide, neon, helium, methane, krypton,
hydrogen, xenon, nitrogen oxide, ozone, and
other organic and inorganic compounds at
extremely small quantities
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Let’s define air pollution
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Wisconsin's Definition:

"...the presence in the atmosphere of one or more contaminants
in such quantities and of such duration as is or tends to be
injurious to human health or welfare, animal or plant life, or
property, or would unreasonably interfere with the enjoyment of
life or property..."

Note: the air composition is changing continuously
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Air Quality and Indicators

• US EPA uses six "criteria pollutants" as indicators of air quality, 
and has established for each of them a maximum 
concentration above which adverse effects on human health 
may occur. These threshold concentrations are called National 
Ambient Air Quality Standards.

• Europe also has similar criteria pollutants
• (https://www.eea.europa.eu/themes/air/country-fact-

sheets/2023-country-fact-sheets/greece-air-pollution-
country)
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Pollutants
• Ozone (O3)
• Carbon Monoxide (CO)
• Nitrogen Oxides (NOx)
• Particulate Matter
• Lead (Pb)
• Oxides of Sulfur (SO2)

• Ammonia (NH3)
• Volatile Organic Compounds (VOC)
• Mercury (Hg)
• Other Toxic Air Pollutants

+ CO2 that we will discuss separately!
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WHY DO WE CARE ABOUT 
POLLUTANTS?
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Pollutant Effects on Health and the Environment
Ozone (O3) •Respiratory symptoms

•Worsening of lung disease leading to premature 
death
•Damage to lung tissue
•Crop, forest and ecosystem damage
•Damage to a variety of materials, including rubber, 
plastics, fabrics, paint and metals

PM2.5
(particulate matter less than 2.5 microns in 
aerodynamic diameter)

•Premature death
•Hospitalization for worsening of cardiovascular 
disease
•Hospitalization for respiratory disease
•Asthma-related emergency room visits
•Increased symptoms, increased inhaler usage

PM10
(particulate matter less than 10 microns in 
aerodynamic diameter)

•Premature death & hospitalization, primarily for 
worsening of respiratory disease
•Reduced visibility and material soiling

Nitrogen Oxides (NOX) •Lung irritation
•Enhanced allergic responses

Carbon Monoxide (CO) •Chest pain in patients with heart disease
•Headache
•Light-headedness
•Reduced mental alertness

Source: California Air Resources 
Board

https://ww2.arb.ca.gov/resources/ozone-and-health
https://ww2.arb.ca.gov/resources/inhalable-particulate-matter-and-health
https://ww2.arb.ca.gov/resources/inhalable-particulate-matter-and-health
https://ww2.arb.ca.gov/resources/nitrogen-dioxide-and-health
https://ww2.arb.ca.gov/resources/carbon-monoxide-and-health
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Sulfur Oxides (SOX) •Worsening of asthma: increased symptoms, 
increased medication usage, and emergency room 
visits

Lead •Impaired mental functioning in children
•Learning disabilities in children
•Brain and kidney damage

Hydrogen Sulfide (H2S) •Nuisance odor (rotten egg smell)
•At high concentrations: headache & breathing 
difficulties

Sulfate •Same as PM2.5, particularly worsening of asthma 
and other lung diseases
•Reduces visibility

Vinyl Chloride •Central nervous system effects, such as dizziness, 
drowsiness & headaches
•Long-term exposure: liver damage & liver cancer

Visibility Reducing Particles •Reduced airport safety, scenic enjoyment, road 
safety, and discourages tourism

Toxic Air Contaminants
About 200 chemicals have been listed as toxic air 
contaminants

•Cancer
•Reproductive and developmental effects
•Neurological effects

Source: California Air Resources 
Board

https://ww2.arb.ca.gov/resources/sulfur-dioxide-and-health
https://ww2.arb.ca.gov/resources/lead-and-health
https://ww2.arb.ca.gov/resources/hydrogen-sulfide-and-health
https://ww2.arb.ca.gov/resources/sulfate-and-health
https://ww2.arb.ca.gov/resources/vinyl-chloride-and-health
https://ww2.arb.ca.gov/resources/visibility-reducing-particles-and-health
https://ww2.arb.ca.gov/resources/documents/carb-identified-toxic-air-contaminants


THE GOOD NEWS FIRST
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https://gispub.epa.gov/air/trendsreport/2019/#homeAir Quality Improves as America Grows

Status and Trends Through 2018

Our Nation’s Air
https://gispub.epa.gov/air/trendsreport/2019
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Economic Growth with Cleaner Air
Between 1970 and 2018, the combined emissions of the six common pollutants (PM2.5 and PM10, SO2, 
NOx, VOCs, CO and Pb) dropped by 74 percent. This progress occurred while the U.S. economy  
continued to grow, Americans drove more miles and population and energy use increased. 
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Air Quality Trends Show Clean Air Progress
While some pollutants continue to pose serious air quality problems in areas of the U.S., 
nationally, criteria air pollutant concentrations have dropped significantly since 1990 
improving quality of life for many Americans. Air quality improves as America grows.

CO -74%
Pb (from 2010) -82%

NO2 annual -57%
NO2 1-hour -50%

O3 -21%
PM10 -26%

PM2.5 annual (from 2000) -39%
PM2.5 24-hour (from 2000) -34%

SO2 -89%

Most Recent National Standard
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Air Pollutant Emissions Decreasing
Emissions of key air pollutants continue to decline from 1990 levels. These reductions are driven by 
federal and state implementation of stationary and mobile source regulations. 
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The Air Quality Index (AQI) is a color-coded index EPA uses to communicate daily air pollution for ozone,
particle pollution, NO², CO, and SO². A value in the unhealthy range, above national air quality standard
for any pollutant, is of concern first for sensitive groups, then for everyone as the AQI value increases.
Fewer unhealthy air quality days means better health, longevity, and quality of life for all of us. 

Unhealthy Air Days Show Long-Term Improvement
 

Number of Days Reaching "Unhealthy for Sensitive Groups" Level or Above on the Air Quality Index
(Among 35 Major U.S. Cities for Ozone and PM2.5 Combined)
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Unhealthy air quality days vary year to year, influenced not only by pollution emissions but also by natural events, such as dust storms 
and wildfires, and variations in weather.
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Air Quality Trends Show Clean Air Progress
While some pollutants continue to pose serious air quality problems in areas of the U.S., 
nationally, criteria air pollutant concentrations have dropped significantly since 1990 
improving quality of life for many Americans. Air quality improves as America grows.
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The Air Quality Index (AQI) is a color-coded index EPA uses to communicate daily air pollution for ozone,
particle pollution, NO², CO, and SO². A value in the unhealthy range, above national air quality standard
for any pollutant, is of concern first for sensitive groups, then for everyone as the AQI value increases.
Fewer unhealthy air quality days means better health, longevity, and quality of life for all of us. 

Unhealthy Air Days Show Long-Term Improvement
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Unhealthy air quality days vary year to year, influenced not only by pollution emissions but also by natural events, such as dust storms 
and wildfires, and variations in weather.
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Air Quality Trends Show Clean Air Progress
While some pollutants continue to pose serious air quality problems in areas of the U.S., 
nationally, criteria air pollutant concentrations have dropped significantly since 1990 
improving quality of life for many Americans. Air quality improves as America grows.
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The Air Quality Index (AQI) is a color-coded index EPA uses to communicate daily air pollution for ozone,
particle pollution, NO², CO, and SO². A value in the unhealthy range, above national air quality standard
for any pollutant, is of concern first for sensitive groups, then for everyone as the AQI value increases.
Fewer unhealthy air quality days means better health, longevity, and quality of life for all of us. 
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CalEnviroScreen 4.0

34

Good News but not for All !!
Spatially Unequal Burden

(Calenviroscreen4.0)
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Good News but not for All !!
Spatially Unequal Burden

(www.iqair.com)

May 19, 2024 @ midnight
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Not Uniform Air Quality and Often Sparsely Distributed Stations

May 19, 2024 @10:00 am
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Source: https://www.iqair.com



Greenhouse 
Gases == Gases 
that trap heat in 
the atmosphere

https://www.epa.gov/g
hgemissions/overview-
greenhouse-gases
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Green House Gases
• Water vapor (H2O)
• Carbon Dioxide (CO2)- Anthropogenic emissions are small (~2%) but 

account for most of the observed accumulated CO2 in the atmosphere
• Methane (CH4)– Anthropogenic caused an increase of about 145% in 

atmospheric concentrations since the mid-1700s
• Nitrous Oxide (N2O) - one third of global atmospheric N2O from the 

application of nitrogenous fertilizers and the combustion of fossil fuels and 
wood.

• Chlorofluorocarbons (CFC) 
• Hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulfur 

hexafluoride (SF6) are up and coming and their projected growth could 
contribute substantially to radiative forcing soon.

• Tropospheric ozone (O3) 

+ Black carbon is a component of PM2.5 (not a gas but contributes to climate 
change)
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Greenhouse Gases

Health and Safety Code 38505 identifies seven greenhouse gases that ARB is responsible 
to monitor and regulate in order to reduce emissions: 

carbon dioxide (CO2), 
methane (CH4), 
nitrous oxide (N2O), 
sulfur hexafluoride (SF6), 
hydrofluorocarbons (HFCs), 
perfluorocarbons (PFCs), and 

nitrogen trifluoride (NF3). The fluorinated gases are also referred to as "high global 
warming potential gases" in the 2008 Scoping Plan.

From the California Air Resources Board
https://ww2.arb.ca.gov/ghg-descriptions-sources
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Figure 2a. Change in California GDP, Population, and GHG Emissions Since 2000)LJXUH��D��&KDQJH�LQ�&DOLIRUQLD�*'3��3RSXODWLRQ��DQG�*+*�(PLVVLRQV�6LQFH����� 

Metric Associated 2017 Value 
GDP 2.6 trillion (2012 $) 

Population 39.6 million 
GHG Emissions 424.1 MMTCO2e 
GHG Emissions 10.7 metric tons CO2e 

per Capita per person 
GHG Emissions 164 metric tons CO2e 

per GDP per million dollars 

Figure 2b. California Total and Per Capita GHG Emissions Figure 2c. Carbon Intensity of California’s Economy 

Figures 2(a)-(c). California’s GHG emissions, population, GDP, GHG per capita, and carbon intensity of the 
economy. Figure 2(a) shows percent change in GHGs relative to GDP and population since 2000. Figures 2(b) and 
2(c) present these indicators in the original units. In the charts with 2 vertical axes, the color of a trend line matches 
the color of its corresponding vertical label. 

2019 Edition, California Greenhouse Gas Emission Inventory: 2000 – 2017 4 

Source: California Air Resources Board
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https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data#Gas
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Positives & Negatives

• More highways+cars lead to: 

• Better access to opportunities and locations (accessibility)
• Stronger economies (goods to markets, labour options) 
• Better (some aspects) quality of life such as comfort, 

independence, ability to live in nice suburbs 

• More air pollution (urban smog – CO, NOx, VOC)
• Possible climate change (major input is CO2)
• Roadway Fatalities
• Congestion and lost time
• Energy dependency on fossil fuels
• Unequal pollution burden -> unequal health risks  

Source: US DOE – 50 year perspective; 
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MORE ON INTERNAL COMBUSTION 
ENGINE (ICE) VEHICLES

© 2024 Konstadinos Goulias 33
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Source: US EPA

MOBILE SOURCES OF AIR POLLUTION

On-road vehicles include:

•Motorcycles;
•Passenger cars and trucks; and
•Commercial trucks and buses.

Nonroad vehicles and engines include:

•Aircraft;
•Heavy equipment;
•Locomotives;
•Marine vessels;
•Recreation vehicles (snowmobiles, all-terrain vehicles, etc.); and
•Small engines and tools (lawnmowers, etc.).
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Four stroke internal combustion engines

•Four strokes: intake-compression-combustion-exhaust (Otto cycle)



Ideally

In reality: In engines we burn (the combustion) fuel by combining Fules 
(Hydrocarbons plus other molecules)  with Air (O2 plus large portion of N) 
-> Exhaust produces unburned Hydrocarbons, NOX, CO, and CO2 plus all 
kinds of toxic matter present in the fules with the Hydrocarbons



EV, HEV, PHEV, FCEV versus ICE
Types of technology: ICE, Hybrids (HEV), Plugin Hybrids (PHEV), Purely Battery Electric Vehicles (EV), Fuel Cell Evs (FCEV) 

They have different powertrains = the components that generate moving power and deliver it to the wheels to move 
the car.

•ICE vehicles burn fuel (usually petrol/gasoline or fuel oils/diesel) that releases heat to move parts of the engine and 
other components that deliver power to the wheels. The ignition starts this combustion process.

•BEVs use power stored as electricity in rechargeable batteries and deliver it via one or more electric motors to the 
wheels.

•Hybrids and PHEVs PHEVs have both ICE and electric components, along with controls that manage the balance of 
electric and ICE power used while driving.

•FCEVs use electrochemical reaction in a fuel cell catalyst with Hydrogen to the anode and oxygen (from air) to the 
cathode. The hydrogen molecules break apart into protons and electrons. Protons then travel through the membrane to the 
cathode and electrons are force to travel through an external circuits producing work (very cool !!).

© 2024 Konstadinos Goulias 38



How they work

© 2024 Konstadinos Goulias 39

Typical ICE use ignition and combustion of a 15:1 air-fuel mix, 

ICE engine converts thermal energy into mechanical energy and emits waste exhaust gases in the process. Basic 
functions did not change much in the past 100 years but efficiency better than in the past (Miles per gallon). 

ICE have hundreds of moving parts in their mechanical and hydraulic systems with tight tolerances that must work 
together to keep the combustion engine running. 

Electrical powertrains convert electrical energy (stored in the battery) into mechanical energy. EVs have 90% fewer 
moving parts than ICE vehicles.

FCEV powertrains also convert electrical energy (produced by the Hydrogen fuel cells) into mechanical energy. 



From the US DOE
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Evolution of vehicle standards

Source: US EPA



Source: Old EPA 
publication
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Source: Old EPA publication
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US Standards Today
(https://www.epa.gov/greenvehicles/
smog-vehicle-emissions#standards)

Notes:
Automakers choose to certify each car model to one of 
EPA’s smog rating standards, also known as “bins,” but 
the automaker’s fleet as a whole must meet a specified 
average. Vehicles certified to a specific bin cannot 
exceed the amount of pollution specified for that bin. For 
example, if a vehicle is certified to Bin 50, it cannot emit 
more than 0.05 grams of NOx + NMOG, 1.7 grams of 
CO, 0.003 grams of PM, and 0.004 grams of HCHO per 
every mile it drives.

•An automaker’s fleet (i.e., all the cars they 
produce in a given model year) must meet a 
specified NMOG + NOx average annually. The 
fleet average limit is lowered each year until MY 
2025. The noted fleet average is for the end goal of 
the regulation (MY 2025).
•A certain percentage of an automaker’s fleet must 
achieve the set PM emission limit (0.003 g/mi) each 
year; this percentage increases every year until 
reaching 100% in MY 2021.
•There is no mandated fleet average for CO or 
HCHO.

NMOG = non-methane organic gas
HCHO = Formaldehyde = a lung 
irritant and carcinogen.

https://www.epa.gov/greenvehicles/


European 
emissions 
standards
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Strangely a good source for past 
Euro standards is 
https://en.wikipedia.org/wiki/Europ
ean_emission_standards)

Euro 7 in https://theicct.org/wp-
content/uploads/2024/03/ID-116-–-
Euro-7-standard_final.pdf

https://en.wikipedia.org/wiki/European_emission_standards
https://en.wikipedia.org/wiki/European_emission_standards
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European 
CO2 
emissions 
standards

(https://climate.ec.euro
pa.eu/eu-
action/transport 

2020 to 2024
•Cars: 95 g CO2/km

•Vans: 147 g CO2/km
These target levels refer to the NEDC emission test 

procedure.

2025 to 2034
The targets that will apply from 2025 onwards are based 
on the WLTP (Worldwide harmonized Light vehicles Test 

Procedure) and were set out in Commission 
Implementing Decision (EU) 2023/1623:

•Cars: 93,6 g CO2/km (2025-2029) and 49,5 g CO2/km 
(2030-2034)

•Vans: 153,9 g CO2/km (2025-2029) and 90,6 g CO2/km 
(2030-2034)

From 2035 onwards, the EU fleet-wide CO2 emission 
target for both cars and vans is 0 g CO2/km, 

corresponding to a 100% reduction.

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32023D1623
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32023D1623
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https://theicct.org/wp-content/uploads/2024/02/ID-102-–-EEA-OEM-briefing_final.pdf

3 ICCT BRIEFING  |  CO2 EMISSIONS FROM NEW PASSENGER CARS IN EUROPE

Figure 1 plots the historical average CO2 emission values relative to the targets. Up 
to and including 2020, NEDC CO2 values are reported; after 2020, WLTP values are 
presented. Before standards were introduced, fleet CO2 emissions, on average, declined 
by 1.9 g/km per year from 2000 to 2007. After the first CO2 standards were agreed 
upon in 2008, manufacturers outperformed the annual reduction rates required to 
meet the 2015 target of 130 g/km; instead of the required 3.6 g/km annual reduction, 
average CO2 emissions declined by 4.9 g/km per year. After 2015 targets were met, and 
in the absence of more stringent targets before 2020, average CO2 emissions increased 
by 0.7 g/km per year. The 2020 target of 95 g/km over the NEDC included a phase-in 
provision and flexible compliance mechanisms, but still led to a steep decline of 14 g/km  
from 2019 to 2020. By using flexible compliance mechanisms, all manufacturers met 
their 2020 targets. 9 Removing the phase-in provisions in 2021 required a further drop 
in fleet average CO2 emissions to meet the equivalent WLTP target. The 6 g/km CO2 
reduction from 2021 to 2022 was about half of the reduction from 2020 to 2021. If the 
reduction continues at the rate of 5.1% per year, CO2 emissions will not fall below the 
2025-2029 target of 94 g/km before 2025.

Fleet-average emissions
excluding flexible compliance mechanisms
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Figure 1. Historical average NEDC and WLTP CO2 emission values and targets of new passenger 
cars without flexible compliance mechanisms. The 2021–2024 line corresponds to the WLTP 
specific emissions reference target for 2021, calculated as the average of the WLTP specific 
emissions reference targets of all manufacturers.

CO2 EMISSIONS BY VEHICLE MANUFACTURER
Car manufacturers can pool together several brands, not necessarily from the same 
manufacturer, to meet CO2 targets. Unless otherwise noted, we track manufacturer 
pools for this analysis.10 Through 2028, vehicle manufacturers with fewer than 300,000 

9 Commission Implementing Decision (EU) 2022/2087 of 26 September 2022 confirming or amending the 
provisional calculation of the average specific emissions of CO2 and the specific emissions targets for 
manufacturers of passenger cars and light commercial vehicles for the calendar year 2020 and informing 
manufacturers of the values to be used for the calculation of the specific emissions targets and derogation 
targets for the calendar years 2021 to 2024 pursuant to Regulation (EU) 2019/631 of the European 
Parliament and of the Council (notified under document C(2022) 6754) (Text with EEA relevance) 
C/2022/6754. OJ L 280, 28.10.2022, p. 49–93.

10 In 2022, manufacturer pools (and their major brands) were: BMW (BMW, Mini); Ford (Ford); Hyundai 
(Hyundai); Kia (Kia); Mazda-Subaru-Suzuki-Toyota (Lexus, Mazda, Subaru, Suzuki, Toyota); Mercedes-Benz 
(Mercedes-Benz, Smart); Renault-Nissan-Mitsubishi (Dacia, Mitsubishi, Nissan, Renault); Stellantis (Alfa 
Romeo, Citroën, DS Automobiles, Fiat, Jeep, Lancia, Opel, Peugeot, Vauxhall); Tesla-Honda-JLR (Honda, 
Land Rover, Tesla); and VW (Audi, Cupra, Porsche, Seat, Škoda, VW).

SOS: A recent EU report 
finds real world CO2 
emissions 20% higher than 
WLTP targets

The report below contains market share of cars in 2022 by country and type of car/fuel

https://ypen.gov.gr/wp-content/uploads/2023/05/2023_NIR_Greece-1.pdf
Get the fleet and pollutant emissions about Greece at the report below.



CARBON FOOTPRINT
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11–14 
 

 
TRANSPORTATION ENERGY DATA BOOK:  EDITION 36.2—2018 

 

Carbon Footprint 

 

 The carbon footprint measures a vehicle’s impact on climate change in tons of carbon dioxide (CO2) 

emitted annually. The following three tables show the carbon footprint for various vehicle classes.  The 

sales-weighted average fuel economy rating for each vehicle class, based on 45% highway and 55% city 

driving, is used to determine the average annual carbon footprint for vehicles in the class. An estimate of 

15,000 annual miles is used for each vehicle class and for each year in the series.  

 

CarbonFootprint 

 

where: 

CO2 = (Tailpipe CO2 + Upstream Greenhouse Gases) in grams per million Btu 

LHV = Lower (or net) Heating Value in million Btu per gallon 

CH4 = Tailpipe CO2 equivalent methane in grams per mile 

N2O = Tailpipe CO2 equivalent nitrous oxide in grams per mile 
 
 

Note:  The Environmental Protection Agency publishes tailpipe emissions in terms of grams of CO2 per 
mile in the Light-Duty Automotive Technology, Carbon Dioxide Emissions, and Fuel Economy Trends: 
1975 through 2017, www.epa.gov/fueleconomy/trends-report. 

 
  

� � u u§
©̈

·
¹̧
� � uCO LHV AnnualMiles

CombinedMPG
CH N O AnnualMiles2 4 2

Heating values describe the amount of energy released 
when a fuel is burned completely
https://world-nuclear.org/information-library/facts-and-
figures/heat-values-of-various-fuels 

Upstream = production & processing 
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LIFE CYCLE ANALYSIS
(FOR CARS: WELLS-TO-WHEELS)

Wells-to-wheels emissions take into account the production and 
distribution of the fuel. It is a type of analysis that allows individuals to 
compare emissions over the entire life cycle of a vehicle —from the 
energy and materials used to power a vehicle, to the direct tailpipe 
emissions.
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ARGONNE NATIONAL LAB

4

The GREET (Greenhouse gases, Regulated Emissions, and Energy use in 
Transportation) Model

GREET 1 model:
Fuel-cycle (or well-to-wheels, WTW) 

modeling of vehicle/fuel systems

Stochastic 
Simulation 

Tool

Algae Process 
Description 

(APD)

Carbon Calculator for 
Land Use Change from 

Biofuels (CCLUB)

GREET 2 model: 
Vehicle-cycle modeling for light-duty vehicles

GREET 
Graphical 

User 
Interface 

(GUI)

HTTPS://YOUTU.BE/X3LZLWBKRCM?LIST=PLL
T1SPOEVQQXWROFTABWU_IBYLSPS18PO

Video from Argonne: Checked May 2024 (4.32 
minutes – show to class)
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https://youtu.be/X3LzlWbKRCM?list=PLLT1SPoEVQqxWRoFTABWU_ibyLSpS18pO
https://youtu.be/X3LzlWbKRCM?list=PLLT1SPoEVQqxWRoFTABWU_ibyLSpS18pO


4

The GREET (Greenhouse gases, Regulated Emissions, and Energy use in 
Transportation) Model

GREET 1 model:
Fuel-cycle (or well-to-wheels, WTW) 

modeling of vehicle/fuel systems

Stochastic 
Simulation 

Tool

Algae Process 
Description 

(APD)

Carbon Calculator for 
Land Use Change from 

Biofuels (CCLUB)

GREET 2 model: 
Vehicle-cycle modeling for light-duty vehicles

GREET 
Graphical 

User 
Interface 

(GUI)
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GREET includes more than 100 fuel production 
pathways from various energy feedstock sources

Petroleum
Conventional
Oil Sands

Compressed Natural Gas
Liquefied Natural Gas
Liquefied Petroleum Gas
Methanol
Dimethyl Ether
Fischer-Tropsch Diesel
Fischer-Tropsch Jet
Fischer-Tropsch Naphtha
Hydrogen

Natural Gas
North American
Non-North American
Shale gas

Coal

Soybeans
Palm

Rapeseed
Jatropha
Camelina

Algae

Gasoline
Diesel
Jet Fuel
Liquefied Petroleum Gas
Naphtha
Residual Oil

Hydrogen
Fischer-Tropsch Diesel
Fischer-Tropsch Jet
Methanol
Dimethyl Ether

Biodiesel
Renewable Diesel

Renewable Gasoline
Hydroprocessed 

Renewabl
e Jet

Sugarcane

Corn

Cellulosic Biomass
Switchgrass
Willow/Poplar
Crop Residues
Forest Residues
Miscanthus

Residual Oil
Coal
Natural Gas
Biomass
Other Renewables

Ethanol
Butanol

Ethanol

Ethanol
Hydrogen
Methanol
Dimethyl Ether
Fischer-Tropsch Diesel
Fischer-Tropsch Jet
Pyro Gasoline/Diesel/Jet

Electricity

Renewable Natural Gas
Landfill Gas
Animal Waste
Waste water  treatment

10

Coke Oven Gas
Petroleum Coke
Nuclear Energy

Hydrogen
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Electric Vehicle 
Research Findings

Mostly from GeoTrans & National 
Renewable Energy Laboratory
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NATIONAL RENEWABLE ENERGY LABORATORY 1

Is the Adoption of Electric Vehicles (EVs) and Solar Photovoltaics 
(PVs) Interdependent or Independent? 

An Integrated EVs-PVs Modeling Framework
Shivam Sharda1,Venu M. Garikapati1,Konstadinos Goulias2,Janet L. Reyna1, 

Bingrong Sun1,C. Anna Spurlock3,and Zachary Needell3
1National Renewable Energy Laboratory,2University of California Santa Barbara,3Lawrence Berkeley National Laboratory

Behavior, Energy, and Climate Change Conference (BECC), 2022
November 13-16, Washington DC 
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NATIONAL RENEWABLE ENERGY LABORATORY 3

Pathways to Decarbonize Household Energy Footprint

Is the adoption behavior of EV and PV interdependent or independent? 

What are the role of attitudes, values, and perceptions in adoption patterns of EVs and PVs?

Who are adopting EVs and/or PVs?

Consumer Segments

Research Questions
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NATIONAL RENEWABLE ENERGY LABORATORY 4

Literature on EV, and PV Ownership

Electric Vehicles (EVs)
• EVs are owned by individuals who are 

older, have higher income, and 
reside in urban areas

• EV owners prefer home charging 
followed by work and public charging 
locations

• In the U.S., there is a proposed 
federal tax credit of up to $4,000 on 
used EVs and $7,500 on new EVs; in 
India, tax exemptions are provided 
to EV owners

Solar Photovoltaics (PVs)
• PVs are owned by individuals who are 

middle-aged, have higher income, and 
reside in rural areas

• Charing EVs through residential solar
can nearly double the cost savings 
compared to dynamic electric tariff 
strategies

• In the U.S., 30 percent of total PV 
installation cost can be claimed as a 
federal tax credit; in India, a 40 percent 
subsidy is provided to install solar panels
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NATIONAL RENEWABLE ENERGY LABORATORY 5

Integrated Assessment of EVs and PVs

• A study from Swiss residents reported significant increase in the intention to adopt 
EVs when consumers were offered charging services bundled with EV purchase

• A survey from German consumers reported that willingness to buy community solar 
panels and electric vehicles was higher than buying an EV alone

• Integrating photovoltaics in electric vehicles was found to cover up to 35 percent of 
driving range per year 

• Sheperoa et al (2018) concluded that there is a need to develop advanced spatio-
temporal and integrated EV-PV modeling frameworks

A scan of EV, PV, and EV-PV literature reveals a clear gap re: absence of a joint adoption modeling 
framework that explicitly considers the inter-relationship in adoption behaviors of  EVs and PVs
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NATIONAL RENEWABLE ENERGY LABORATORY 6

Dataset
• WholeTraveler Transport Behavior Study Survey

– Year: 2018 
– Sample: San Francisco Bay Area
– Sample size: 869 respondents
– Exogenous Variables

(a) Socio-demographic characteristics 
(b) Travel and location attributes
(b) Attitudes/perceptions towards sustainable technologies 

– Endogenous Variables 
(a) Own a plug-in electric vehicle(s) 
(b) Own a rooftop solar panel(s)
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NATIONAL RENEWABLE ENERGY LABORATORY 9

Integrated EV-PV Modeling Framework

𝑧𝑧𝑗𝑗∗ = 𝑤𝑤𝑗𝑗𝛼𝛼𝑗𝑗 + 𝜂𝜂𝑗𝑗

𝑦𝑦𝑖𝑖 = 𝑥𝑥𝑖𝑖β𝑖𝑖 + 𝑧𝑧∗𝛾𝛾𝑖𝑖 +ε𝑖𝑖. 

Measurement Model for Latent 
Psychological Factors

Structural Equation Model for 
Observed Endogenous Variables
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NATIONAL RENEWABLE ENERGY LABORATORY 12

Discussion
Is the adoption behavior of EV and PV Interdependent or Independent?

Owning EVs had a positive and statistically significant impact on owning PVs (EV PV), suggesting 
interdependency

What are the role of attitudes, values, and perceptions in adoption of EVs and PVs?

Those who are technology cognizant are less likely to own EVs but more likely to own PVs

Who are adopting EVs and/or PVs?

Younger individuals are less likely to own EVs, while older adults are more likely to own PVs

Highly educated and higher income individuals are more likely to own EVs, while larger households
are more likely to own PVs

Telecommuters are more likely to own PVs, while individuals who reside in densely populated areas are 
less likely to own PVs

Sharda, S., Garikapati, V. M., Goulias, K. G., Reyna, J. L., Sun, B., Spurlock, C. A., & Needell, Z. (2024). The electric 
vehicles-solar photovoltaics Nexus: Driving cross-sectoral adoption of sustainable technologies. Renewable and Sustainable 
Energy Reviews, 191(C).
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NATIONAL RENEWABLE ENERGY LABORATORY 13

Study Conclusions and Implications

• This research effort presents an integrated model system that explicitly accounts for the 
interdependencies in the adoption of EVs and PVs 

• Latent attitudinal constructs are influence by socio-demographic characteristics, travel attributes, and 
location information 

• Major finding of this research effort is that ‘owning an EV had a positive and statistically 
significant impact on owning PVs’

• The integrated EV-PV modeling framework can help strategize long-term planning investments that 
drive ‘bundled adoption’ of sustainable technologies 

• The study highlights the need to bring ‘transport and building energy consumption’ research into a 
single integrated structure

Sharda, S., Garikapati, V. M., Goulias, K. G., Reyna, J. L., Sun, B., Spurlock, C. A., & Needell, Z. (2024). The electric 
vehicles-solar photovoltaics Nexus: Driving cross-sectoral adoption of sustainable technologies. Renewable and Sustainable 
Energy Reviews, 191(C).



Combine Autonomous with 
Electric Mobility
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We want to understand who will buy and/rent autonomous vehicles and if these persons and their households are 
and will be EV users.  

Household = group of people living together

Data: 2019 California Vehicle Survey (CVS)

Model: A complex structural equation model (SEM).

Findings: 
1) Perceived usefulness is an important determinant of behavioral intention.
2) Young, high-educated, and males perceive higher usefulness of AVs. 
3) Households that have telecommuters, transit riders, transportation
network company (TNC; e.g., Uber & Lyft) riders, and electric vehicles (EVs) owners, and
households that own or plan to install photovoltaic cell (solar) panels also anticipate high benefits
of AVs. 
4) Living or working at places with access to infrastructure such as EV charging stations and
hydrogen fueling stations also add to positive perception of AVs’ advantages. 

5) Households having higher annual income and EVs express a stronger interest
in buying an AV but not in ridesharing. 
6) Young educated households with more TNC riders show a greater propensity to AV sharing services but not for 
owning AVs. 

Transportation Research Part A 161 (2022) 170–185

176

agreement with AV’s capabilities, as expected. Furthermore, more than 50% (51.6%-67.0%) of the variances of the latent response 
variables can be explained by perceived usefulness, demonstrating a good measurement model (Kline, 2016). None of the correlation 
residuals (i.e., the difference between model-implied correlations and sample correlations; not shown in the paper) is greater than 0.1 
in absolute value, indicating a close reproduction of sample correlations. Cronbach’s alpha of 0.85 also implies high internal 
consistency. 

4.2. SEM model of intention to use AVs 

After establishing a valid and reliable measure of perceived usefulness using the 4-point items, we use a SEM to simultaneously 
capture the relationship among observed household characteristics, the latent construct perceived usefulness, and the stated behav-
ioral intentions of adopting AVs. We hypothesize that households’ socio-demographic, mobility and built environment characteristics 
will affect their intentions to adopt AVs both directly and indirectly through the mediator of perceived usefulness. Perceived usefulness 
is hypothesized to positively affect the intentions to buy AV(s) and also use AV(s) in on-demand ride-hailing services. We also think the 
residuals of these intentions and preferences are correlated due to some unobserved variables they have in common. The conceptual 
model is depicted in Fig. 3. 

The proposed model can be specified as a combination of a measurement model in Eq. (1) and a path model in Eq. (2). 

z = λη+ ∊ (1)  

y = Bx+ γη+ ζ (2) 

where 
z is a k × 1 vector of observed indicators; 
η is a latent exogenous variable (perceived usefulness); 
λ is an k × 1 vectors of factor loadings on the latent variable η for indicators z; 
∊ is an k × 1 vector of errors of measurement for indicators z. The errors are assumed to be uncorrelated and to have mean zero; 
y is a q × 1 a vector of observed dependent variables; 
x is a p × 1 vector of observed independent variables; 
B is a q × p matrix of path coefficients of the independent variables x to the dependent variables y; 
γ is a q × 1 vector of path coefficients of the latent exogenous variable η to the dependent variables y; 
ζ is an q × 1 vector of errors for the dependent variables y. The errors are assumed to be correlated with each other. 

4.3. Model estimation 

Both the four Likert-scale indicators and the stated behavioral intentions can be treated as ordered categorical variables. Notable is 
that all of these variables have only three or four categories and the majority of them have severely asymmetrical distributions. Thus, 
estimation methods for normally distributed continuous variables such as maximum likelihood may not be appropriate. Weighted least 

Fig. 3. The Proposed Conceptual Model.  

J. Xiao and K.G. Goulias                                                                                                                                                                                             

Source: Xiao, J., & Goulias, K. G. (2022). Perceived usefulness and intentions to adopt autonomous 
vehicles. Transportation Research Part A: Policy and Practice, 161.



What do we gain by combining 
EV with AV?
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Prior to the market uptake of autonomous vehicles (AVs), it is critical to understand the consumer segments of AV adopters and quantify 
the impact of AV adoption on transportation systems and the environment, such as annual vehicle miles travelled (VMT) and greenhouse 
gas (GHG) emission. 

Microsimulation using:
1)  Data from the 2019 California Vehicle Survey (CVS); 
2) Statistical models correlating people’s intention to buy an AV and their socioeconomic and built environment attributes at the 
household; and 
3) A sensitivity correlational analysis to understand the importance of factors impacting AV adoption. 

Then microsimulation (we enumerate every car in the area) is used with scenarios for the entire San Francisco Bay Area region to assess 
how the annual vehicle miles traveled (VMT) and tailpipe Carbon Dioxide (CO2) emissions associated with driver behavior, vehicle 
usage, and scenarios of replacement.

Findings 
1) Adopting electric AVs can potentially reduce more than 5 megatons of CO2 yearly !!
2) This is approximately 30% of the total CO2 emitted by internal combustion engine cars in the regional resident population. 

3) Bottom line: EV with AV is the right policy direction, especially in heavily congested places like the SF Bay Area. 

   
Transportation Systems 
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Commercial Fleets in California

• Use the California Energy Commission’s California Vehicle 
Survey (CVS) of 2019 

• Explore if there are specific commercial fleet vehicles that are 
more likely to be replaced by electric vehicles 

• Explore if these vehicles will be replaced by ride hailing 
services for passengers and goods. 

• Note: Contract services can function as substitutes of fleet 
vehicle purchase and may be viewed as services provided by 
transportation fleets to other industries. 

Pacific Southwest Research Transportation Center Funded Project with Hui Shi at 
UCSB
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Data & Methods
• The analysis uses data collected on 5,320 randomly selected 

vehicles from 2,301 recruited commercial fleets for which 
specific questions about substitution were asked by 
pinpointing vehicle considered in each fleet.

• Factor Analysis with Mixed Data 
– Continuous and categorical variables

• Multilevel Multinomial Logit
– Vehicles within fleets
– Fleets = spokesperson in survey
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Summary of Findings
●The majority of fleet vehicles can be replaced by electric vehicles !!!

●Vehicle replacement propensity is a function of the utilization type of 
the vehicle, vehicle efficiency, vehicle age, size, fleet size, and the type 
of business of the owner firm of the fleet.

●Contract and ride hailing services can be a major competitor of ICE 
vehicles in fleets.

●UBER green figured this already!
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Overall Research Findings

• EVs and PVs are popular in different population 
segments with some overlap

• EVs and AVs are also popular in different 
segments but an overlapping segment are early 
adopters who are wealthy, males, technophiles

• Remote Workers is a good target segment for all 
of the above

• Commercial Fleets & Early Adopters will create a 
used vehicle market that will give MAJOR positive 
impacts
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Back to the original but modified 
questions

You want to buy an electric car

Question 1: Should the government (Federal and 
State) subsidize you?

Question 2: How should the subsidy be 
structured? 
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The End!
Thank you!
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