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Abstract
Consumption-based greenhouse gas (GHG) emissions inventories have emerged to describe full life cycle contributions of
households to climate change at country, state and increasingly city scales. Using this approach, how much carbon foot-
print abatement potential is within the control of local governments, and which policies hold the most potential to reduce
emissions? This study quantifies the potential of local policies and programs to meet aggressive GHG reduction targets
using a consumption-based, high geospatial resolution planning model for the state of California. We find that roughly
35% of all carbon footprint abatement potential statewide is from activities at least partially within the control of local
governments. The study shows large variation in the size and composition of carbon footprints and abatement opportu-
nities by ∼23,000 Census block groups (i.e., neighborhood-scale within cities), 717 cities and 58 counties across the state.
These data and companion online tools can help cities better understand priorities to reduce GHGs from a comprehensive,
consumption-based perspective, with potential application to the full United States and internationally.
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1. Introduction

Stabilizing the climate will require massive changes in
systems of production and consumption (Hertwich et al.,
2010), with widescale adoption of low-carbon technolo-
gies and practices for businesses and households (IPCC,
2014). To-date, local planning and policy have focused
largely on production-based emissions (i.e., regulating
emissions at the point they enter the atmosphere); how-
ever, there is increasing recognition of the value of a
consumption-based approach to planning, considering
the full life cycle of transportation, energy, food, goods

and services consumed by households within commu-
nities (Erickson, Chandler, & Lazarus, 2012). Household
consumption drives demand for global economic activity
and corresponding emission of greenhouse gases glob-
ally. As the closest authority to individuals and house-
holds, local governments are widely recognized as criti-
cal in changing consumer patterns, yet few studies have
evaluated the potential of local government policies to
reduce consumption-based greenhouse gases.

This article evaluates the potential to deeply reduce
household carbon footprints through state and local poli-
cies and programs over a long timeframe (from 2010 to
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2050) for the state of California. Using a high geospa-
tial resolution, consumption-based greenhouse planning
model, we develop carbon footprint profiles and a deep
carbon footprint abatement scenario for ∼23,000 Cen-
sus block groups, 717 cities and towns, and all 58 Cal-
ifornia counties, as well as for the state overall. We in-
vestigate the potential of urban infill, conservation, effi-
ciency and renewable energy policies across each area
of carbon footprints: transportation, energy, food, goods
and services. Our exploration of the model highlights
statewide potential of each intervention area and exam-
ples from cities with similar populations, but different
abatement profiles.While the findings are specific to Cal-
ifornia communities, the method and perspective pro-
vided by carbon footprint planning should be useful to
planners and policymakers elsewhere.

2. Previous Efforts to Quantify GHG Abatement
Potential of Cities

Local planning to reduce greenhouse gas (GHG) emis-
sions has become increasingly common and is now
mandatory in progressive jurisdictions such as Califor-
nia (Bassett & Shandas, 2010; Bedsworth & Hanak,
2013; Boswell, Greve, & Seale, 2012; Bulkeley, Broto, &
Edwards, 2014). Community climate action plans typi-
cally promote energy efficiency, renewable energy, more
compact, transit-oriented urban development, active
and public transportation, and waste and water manage-
ment; however, plans typically do not quantify expected
results (Boswell et al., 2012; Bulkeley et al., 2014).

A large number of policies and programs to engage
residents successfully in climate action are possible. Be-
havioral strategies include persuasive appeals, incen-
tives, social marketing, community-based programs and
cross-sectoral approaches involving multiple strategies
and stakeholders (Abrahamse, Steg, Vlek, & Rothengat-
ter, 2005). Many of these approaches are cost-effective
and can be implemented in short timescales (Stern et al.,
2016). While attempts to change household behavior
often focus on changing lifestyles (e.g., driving less, or
changing diets), encouraging adoption of low-carbon
technology and urban planning also require important
changes in human behavior. Medium and long-terms ap-
proaches are ultimately necessary to achieve deeper sav-
ings and to engender a culture of sustainability thought
to be necessary to achieve and maintain long-term sus-
tainability goals (Wheeler, 2012).

Over the past two decades an extensive literature
has documented public and private approaches to en-
gage households in energy efficiency, GHG abatement
and sustainability (Abrahamse et al., 2005; Abrahamse
& Steg, 2013; Delmas, Fischlein, & Asensio, 2013; Di-
etz, Gardner, Gilligan, Stern, & Vandenbergh, 2009; Stern
et al., 2016). Dietz et al. (2009) estimated a 20% reduc-
tion in direct household emissions in the U.S. within
a decade, and more if a renewable energy is widely
adopted. The study considers both the technical poten-

tial of taking actions, and the likely number of house-
holds that can be engagedbasedonpreviously successful
initiatives. Jones andKammen (2011) approximated tech-
nical abatement potential for 26 metropolitan regions,
finding 20% abatement potential at net negative cost to
households for a single year. One study (Erickson, Chan-
dler, & Lazarus, 2012) estimated carbon footprint reduc-
tion potential of 47% by 2030 for the city of Seattle, find-
ing that vehicles, energy, extending product life spans
and low carbon diets (in that order) have the most sav-
ings potential. In contrast, Wei et al. (2013) estimated
behavioral savings potential in California as 10% to 15%
of statewide emissions, using a combination of techni-
cal and achievable potential, while Greenblatt (2015)
roughly approximated the potential of local government
action in California at 12MMTCO2e in 2030 (∼5%of emis-
sions), mainly through renewable energy commitments.
The present study seeks to quantify local and state car-
bon footprint abatement potential for all California cities
and develop a model that can readily scale to the rest of
the U.S., and beyond.

3. A Consumption-Based GHG Inventory Approach

Efforts to reduce GHG emissions depend on under-
standing the sources and quantities of these pollutants.
Since the 1990s, researchers and institutions have de-
veloped multiple carbon accounting frameworks (Wied-
mann, Chen, & Barrett, 2015). At national and state
scales, GHG inventories typically focus on large produc-
ers, tabulating the emissions generated by energy util-
ities, major industries, and other economic sectors us-
ing a combination of reported andmodeled data. This in-
formation then informs large-scale GHG mitigation poli-
cies, which often focus on broad forms of regulation
such as vehicle and appliance efficiency standards and
utility portfolio standards for renewable energy. Increas-
ingly, cities and urban regions create such sector-specific
GHG inventories as well; however, these typically ex-
clude emissions associatedwith the production of goods,
food and services consumed within a jurisdiction’s geo-
graphic borders, but produced elsewhere.

In an effort to provide a more comprehensive ac-
counting framework for the U.S., ICLEI-USA (ICLEI, 2012)
developed the U.S. Community Protocol for Account-
ing and Reporting of Greenhouse Gas Emissions (ICLEI
Community Protocol). In addition to the five required
sources in the global community protocol, the U.S. pro-
tocol encourages inclusion of full life cycle accounting
of major sources of emissions, while a consumption-
based inventory is “strongly encouraged” (ICLEI, 2012,
p.16). Consumption-based inventories are not intended
to replace the traditional method, which is required un-
der the protocol, but rather to serve as an additional
‘story’ or lens to view emissions. Sources included in
the required approach are thought to be more within
the direct control of municipal governments, while the
consumption-based approach provides the full carbon
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footprint of residents. Household carbon footprint data
from a previous study (Jones & Kammen, 2014) are
freely available for any U.S. zip code, city or county
(http://coolclimate.org/data), and a growing list of cities
and regions have included the data in their climate action
plans, including New York City (Dickinson, Khan, & Amar,
2013) and the San Francisco Bay Area (BAAQMD, 2017).

A consumption-based emissions inventory (CBEI) fo-
cuses on the economic activities of residents, allocat-
ing all emissions to final demand (mostly consumers,
but in some cases government activities and business
capital expenditures as well), regardless of where emis-
sions are released into the atmosphere throughout sup-
ply chains (Ramaswami&Chavez, 2013;Wiedmann et al.,
2015). Household carbon footprints are calculated with
the assumption that all global economic activity is at
the service of households and, therefore, all life cycle
emissions associated with the production, use and dis-
posal of goods and services are included in household
carbon footprints. For example, if a factory in China
produces a computer that is purchased by a California
household, then all emissions related to the mining, re-
fining, manufacturing, shipping and trade of the com-
puter are allocated to the California household, not the
Chinese company. Conversely, emissions associated with
a product made in California, but consumed in China,
would theoretically correspond to the carbon footprint
of the Chinese household. Unlike traditional invento-
ries, which include emissions from local businesses, a
consumption-based inventory allocates all supply chain
emissions to households, regardless ofwhere those emis-
sions originate. Household carbon footprints include
emissions associated with all household consumption,
including transportation, energy, housing, water, waste,
food, goods and service. Any ‘carbon footprint assess-
ment’ that does not include at least all household eco-
nomic activities is not technically a household carbon
footprint. Summing up, the carbon footprints of all res-
idents in a local jurisdiction is the consumption-based
GHG inventory of that location.

Both territorial and consumption-basedmethods are
fully comprehensive—if all countries and regions of the
planet accounted for emissions using both approaches,
total emissions globally would be the same using either
method, but their results can vary greatly for local com-
munities. The consumption-based approach provides a
more comprehensive lens by which to view the respon-
sibility of any locality, and suggests a different set of
GHGmitigation opportunities (Larsen & Hertwich, 2009).
Meanwhile, some researchers (e.g., Lazarus, Chandler, &
Erickson, 2013; Ramaswami & Chavez, 2013) take a hy-
brid approach, seeking to include consumption to some
extent but to emphasize those forms of emissions that lo-
cal governments can control. Such approaches may have
practical benefits but risk being less comprehensive.

A growing list of studies from individual locations
demonstrates that household carbon footprints and cor-
responding GHG mitigation opportunities vary dramati-

cally by location. Consumption-based inventories have
been conducted for thousands of cities in dozens of coun-
tries, including 434 municipalities in the U.K. (Minx et al.,
2013), 177 regions in 27 European countries (Ivanova
et al., 2017), over a dozen cities in China (Mi et al.,
2016), three neighborhoods in Pakistan (Adnan, Safeer,
& Rashid, 2018) andmultiple studies in Australia (Lenzen
& Peters, 2010; Wiedmann et al., 2015). Jones and Kam-
men (2014) calculated carbon footprints for all (>30,000)
populated U.S. zip codes, cities, counties and states, find-
ing considerable differences between locations. For ex-
ample, electricity accounts for only 5% of household
carbon footprints on average in California, but for over
30% in many other parts of the United States. Some
studies have noted the distinction between ‘consumer
cites’ and ‘producer cities’ (Ramaswami & Chavez, 2013;
Sudmant, Gouldson, Millward-Hopkins, Scott, & Barrett,
2017), finding residential and higher income cities tend
to have higher consumption-based emissions, compared
to higher production-based emissions in industrial cities.
Such heterogeneity between locations suggests that lo-
cal climate planning requires a nuanced, place-based ap-
plication of strategies that consider the unique GHG mit-
igation opportunities of each location. As is shown in the
current study, carbon footprints vary dramatically within
city boundaries at neighborhood scales as well. Models
that estimate carbon footprints and projections for all
cities in a state (or country), ideally at fine geospatial
resolution, should be particularly useful for this nuanced
approach to climate planning. Policies and programs will
have very different outcomes for populations within and
between jurisdictions.

Consumption-based inventory methods arose partly
due to the realization that a large proportion of emis-
sions that a jurisdiction is responsible for occur outside
its borders. For example, Weber and Matthews (2008)
estimated that 30% of total U.S. GHG impact in 2004
arose because of imported household purchases. Feng,
Hubacek, Sun and Liu (2014) found that between 48 and
70% of emissions associated with four Chinese megaci-
ties occurred beyond their borders. Larsen and Hertwich
(2009) found that about 90%of the total carbon footprint
of Trondheim, Norway, was indirect, resulting from up-
stream sources that should be considered within munic-
ipal decision-making. Minx et al. (2013) found that 90%
of the British communities they studied imported emis-
sions on net. In a study of eight U.S. cities, Hillman and
Ramaswami (2010) found that trans-boundary activities
(import of food, water, energy, and building materials,
plus air travel emissions) produced 47% more emissions
than shown by the territorial GHG inventories performed
by the cities. Such studies imply that local jurisdictions
using a territorial method for estimating emissions may
be seriously underestimating their own contribution to
global warming.

Consumption-based GHG emissions mapping efforts
are beginning to develop useful recommendations for
local climate action planning. Barrett, Minx, and Paul
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(2007) used a regional analysis of ecological footprints
in Scotland to develop recommendations on improv-
ing land use mix, housing energy efficiency, commu-
nity garden locations, sustainable eating programs, and
waste management strategies. In their consumption-
based inventory of Melbourne, Wiedmann, Chen and
Barrett (2015) found that local carbon footprint data can
help prioritize locations for building retrofit programs
and microgrids. In a consumption-based modeling of fu-
ture emissions for the Seattle region, Erickson, Chan-
dler and Lazarus (2012) found that, unless checked, fu-
ture increases in consumption would offset decreases in
transportation-related emissions, and recommended be-
havioral measures to reduce meat consumption and pur-
chase of new home furnishings and clothing. However,
they admitted that few policy mechanisms exist for such
reductions as of yet. Such analyses suggest newpriorities
for local climate change mitigation planning.

The primary objective of climate action plans is to
identify the opportunities with the most potential to re-
duce greenhouse gases emissions from local activities.
Both production-based and consumption-based inven-
tory methods are necessary to fully capture these op-
portunities and the weaknesses and strengths of each
approach complement each other. Production-based ac-
counting is easier to track over time based on local pol-
icy outcomes; while the consumption-based approach
is more appropriate for engaging households directly
in climate action. A simple, free method of identifying
consumption-based emissions and abatement potential
for all jurisdictions, alongwith accompanying carbonman-
agement tools for households (http://coolclimate.org/
calculator), provides a more comprehensive set of GHG
mitigation opportunities for communities.

4. Estimating Carbon Footprints and Abatement
Potential of California Locations

This article develops a consumption-based GHG inven-
tory of all populated Census block groups, cities, and
counties in California, and a deep carbon footprint re-
duction planning scenario to the year 2050, based on
changes in population (urban infill), technology, conser-
vation and adoption of renewable energy. It is the first
study to estimate carbon footprints at such fine geospa-
tial resolution—essentially at neighborhood scale in ur-
banized portions of the state. Our CBEI method has been
described extensively in previous publications (Jones &
Kammen, 2011, 2014, 2015). It is also described in Ap-
pendix R of the ICLEI GHG Protocol (ICLEI, 2012), which
planners use to develop community GHG inventories in
the U.S. Here we present a brief overview of themethod-
ology for interested readers.

The basic approach is to calculate average house-
hold carbon footprints for each U.S. Census block group
and then create population-weighted averages for each
city, county, and the state as a whole. The average
household’s consumption of energy, transportation fu-

els, water, waste, construction, goods and services is
estimated—using methods described below—and then
multiplied by GHG emission factors and summed for
the total household carbon footprint. Multiplying aver-
age household carbon footprints by the total number of
households in a given location produces a consumption-
based GHG inventory of that locale. Emissions from all
businesses,whether global or local, are allocated to prod-
ucts consumed by households. We have excludedmunic-
ipal government emissions, which jurisdictions typically
already track and are relatively low (Erickson, Allaway,
Lazarus, & Stanton, 2012) .

We obtained local consumption data where possible,
including electricity and natural gas consumption by zip
code, average fuel economy of vehicles by county, public
transit energy consumption by county and local price ad-
justments for metropolitan areas. Where detailed local
information was not available, we developed economet-
ric models of household consumption using local sub-
samples of the National Household Travel Survey (NHTS)
(Oak Ridge National Laboratory, 2013), the Residential
Energy Consumption Survey (RECS) (U.S. Energy Informa-
tion Administration, 2009), and the Consumer Expendi-
tures Survey (Bureau of Labor Statistics, 2013). We es-
timated motor vehicle miles traveled (VMT) based on
vehicle ownership, household size, income, number of
workers, and population density for each subsample in
theNHTS (San Francisco, San Jose, Los Angeles, Riverside,
Sacramento, San Diego areas, plus other California loca-
tions). We estimated air travel as a function of income,
and public transit use using county-level information
from theNational Transit Database. Actual electricity and
natural gas consumption by zip codes was obtained from
the largest electric utilities (PG&E, SDG&E and SCE) and
local utilities in the San Francisco Bay Area (Jones & Kam-
men, 2015). Where utility data were not available, we
modeled demand for electricity, natural gas and other
heating fuels using demographic information, physical
characteristics of homes and weather (heating and cool-
ing degree days) in RECS. We approximated household
consumption of goods and services using income and
household size, the two variables with the most explana-
tory power in the Consumer Expenditures Survey. Diets
were derived from USDA (2015), the Consumer Expendi-
tures Survey (Bureau of Labor Statistics, 2013) and the
Cost of Living Index (C2ER, 2014). Other sources of con-
sumption include water, waste and home construction.
See Jones and Kammen (2011, 2014, 2015) for further
details on consumption models and emission factors.

The next step after obtaining a consumption-based in-
ventory for all block groups in 2010 was to project these
emissions into the future based on a deep carbon foot-
print abatement policy scenario. There are four types of
interventions. Urban infill policies adjust the population
of each block group by putting more new development
in lower carbon footprint locations and adjusting the size
of homes in those locations. Conservation strategies re-
duce the amount of consumption for each household
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(e.g., driving less or turning down thermostats in sum-
mer). Efficiency strategies involve the purchase of highly
efficient technology to use less energy or fuel. Finally,
renewable energy strategies replace fossil fuels with re-
newable sources of energy. Each major source of carbon
footprints (vehicles, food, energy, etc.) is associated with
each of the four types of mitigation strategies: infill, con-
servation, efficiency, renewables. We call this combina-
tion of carbon footprint source and mitigation strategy a
‘policy intervention area’. Intervention areas could con-
ceivably contain multiple specific policies.

Table 1 summarizes the adoption rates of interven-
tion areas in the year 2050. Rates are expressed as a per-
centage of full adoption by the year 2050. Under this
scenario, by 2050, 80% of new homes would be built
in urban infill locations; homes would be 25% smaller;
vehicle miles and air miles would be reduced by 25%;
demand for energy services would be reduced by 20%;
25% of consumption would be shifted from high car-
bon goods to services; 20% of households would eat a
low-carbon, plant-based diet; and waste and water con-
sumption would be cut by 25%. Highly efficient technol-
ogy would reduce end use energy consumption by be-
tween 30% and 60%, depending on the technology. 50%
of household vehicles would be electric, while the other
50%would average 50miles per gallon. Energy would be
produced from mainly renewable sources, ranging from
30% for the remaining transportation fuels to 100% for

electricity. All home heating would be from efficient elec-
tric heat pumps, with mandatory phase in starting in the
late 2020s. Total assumed adoption rates for the year
2050 for each intervention area are shown in the final col-
umn of Table 1. These rates were chosen based on evalu-
ation of several studies producing scenarios to achieve
California’s 2030 and 2050 GHG targets (Jones & Kam-
men, 2018; Greenblatt, 2015; Wei et al., 2013; Williams
et al., 2012). Adoption would be accomplished through
a combination of existing and new policies.

The policy intervention areas are further separated
into ‘state only’ and ‘local’ adoption rates; these are es-
timates of the contribution of each jurisdiction in meet-
ing targets. ‘Local’ is intended to mean at least partially
within local control. For example, the state of California
sets targets for land use, but implementation is left to
local jurisdictions; we would consider this ‘local’ in our
framework. We make the following assumptions (see Ta-
ble 1): urban infill and conservation (e.g., programs to
reduce energy or meat consumption) are almost entirely
in the domain of communities; energy efficiency (e.g., en-
ergy efficient equipment and building envelopes) for new
construction requires state policy to set targets, and local
adoption (1:1 state vs. local split), while retrofits require
more community level implementation (1:2 state vs. lo-
cal split); industrial, agricultural and airline efficiency are
not within local control, but the commercial sector (e.g.,
green business programs) is evenly split (1:1 state vs. lo-

Table 1. Adoption rates of intervention areas in the year 2050.

BAU State Only Local Total

Urban Infill New Growth in Low Carbon Zones 10% 0% 70% 80%
Smaller Home Sizes (new) 0% 0% 25% 25%

Conservation VMT Reduction 0% 5% 20% 25%
Air Travel Reduction 0% 5% 20% 25%
Energy Conservation 0% 0% 20% 20%
Shift Consumption 0% 0% 25% 25%
Healthy Diets 0% 0% 20% 20%
Waste Conservation 0% 0% 30% 30%
Water Conservation 0% 0% 30% 30%

Efficiency 50+MPG Vehicles 10% 35% 5% 50%
Energy Efficiency (new) 10% 20% 20% 50%
Energy Efficiency (existing) 0% 20% 40% 60%
Air Travel Efficiency 0% 30% 0% 30%
Commercial Efficiency 10% 25% 25% 60%
Waste Efficiency 0% 0% 40% 40%
Industrial Efficiency 10% 50% 0% 60%
Agricultural Efficiency 5% 50% 0% 55%

Renewable Energy Electric Vehicles 5% 30% 15% 50%
Zero Carbon Fuels 0% 30% 0% 30%
Low Carbon Electricity 35% 25% 40% 100%
Heating Electrification 0% 0% 100% 100%

Notes: Adoption rates of policy intervention areas expressed as a percentage of full adoption in the year 2050 (e.g., VMTwill be reduced
by 25%, and 50% of vehicles will be electric by 2050). Adoption rates under BAU, state only policies, local interventions and total (sum
of each jurisdiction) is expressed in columns.
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cal split); communities have more control over electric
vehicle adoption (e.g., charging infrastructure and so-
cial marketing) (2:1 state vs. local split) than promoting
high efficiency vehicles (e.g., through social marketing)
(7:1 state vs. local split); most communities can switch to
community choice energy (local procurement of renew-
able electricity contracts) with 100% adoption, but not
all (5:8 state vs. local split); heating electrification is en-
tirely within local control (assuming a supportive policy
environment allowing this). All results are compared to
expected business as usual (BAU) in 2050. We are not
aware of an accepted definition of local control or es-
timates in the literature; this distinction between state
only and (at least some) local control is our best guess
estimate and our results must be considered in the con-
text of the model.

We adjust changes in population (urban infill), con-
sumption, technology and renewable energy based on
Table 1 and an assumed adoption curve for each mea-
sure (set at 8% by 2020, 60% by 2030, 85% by 2040 and
100% of the maximum rate by 2050).

5. The Spatial Distribution of Household Carbon
Footprints

Our study presents a high geospatial resolution,
consumption-based GHG inventory of all California Cen-
sus block groups, cities and counties, and for the state
overall. Household sources that are typically included in
territorial inventories account for, on average, only 30%
of carbon footprints, including gasoline (20%), electric-
ity (5%), natural gas (4%), other fuels (1%), and waste
(1%). About 70% are indirect sources, including life cycle
emissions from food (19%), goods (17%), services (15%),
transportation fuels (5%), vehicle maintenance (3), air
travel (4%), home construction (3%), household fuels

(3%) and water (2%). Thus, community GHG inventories
that do not include consumption exclude the vast major-
ity of emissions related to household behavior and miss
important mitigation opportunities.

The total carbon footprint for the average California
household is 44 metric tons of CO2 equivalent gases per
year (tCO2e). When multiplied by all households in the
state, the total is 24% higher than the State of California’s
territorial inventory: 550 MMTCO2e from a consumption-
based approach vs. 445 MMTCO2e from the state’s 2010
GHG inventory. At local scales, the difference can bemuch
larger. For example, our consumption-based inventory is
35% higher than the San Francisco Bay Area GHG inven-
tory, with food contributing the largest differences: only
2% in the territorial approach vs. 20% in the consumption-
based approach (Jones & Kammen, 2015). Other research
has shown that in primarily residential communities, a
consumption-based inventory can be up to three times
larger than a production-based inventory (Chavez & Ra-
maswami, 2013). For most cities, if GHG emissions are
only reduced from direct sources, an increasing share of
carbon footprints will be embodied in consumption, es-
sentially exporting those emissions to other places.

The size and composition of carbon footprints varies
greatly between and within population centers through-
out the state, with important implications for planning.
When viewed at high spatial resolution (Census block
groups), cities show large differences between neighbor-
hoods in all aspects of carbon footprints (transportation,
energy, food, goods and services). Figure 2 is a map of to-
tal household carbon footprints by block group in the ur-
ban core of the San Francisco Bay Area. The lowest aver-
age carbon footprint of any Census block group in the Bay
Area is 15 tCO2e per household (about one third of the
statewide average) and the highest is 104 tCO2e (a differ-
ence of 7x). While the urban core cities of San Francisco
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Figure 2. Carbon footprint of S.F. Bay Area households by Census block group.

and Oakland have among the lowest carbon footprint
neighborhoods, as well as low emissions overall (40 and
38 tCO2e, respectively), they also contain some of the
highest carbon footprint neighborhoods in the state.

6. Statewide Carbon Footprint Abatement Potential

Ultimately, households have control over their consump-
tion and associated GHG emissions. Local and state gov-
ernments seeking to influence household consumption

may choose from four types of interventions (Raupach
et al., 2007): population (urban infill), conservation (con-
sumption), efficiency (energy intensity), and renewable
energy (carbon intensity). Each of these intervention
types can be applied to different aspects of household
carbon footprints: transportation, energy, food, and con-
sumption of goods and service. Different policies and in-
tervention strategies are necessary depending on the in-
tervention type and consumption category. Table 2 pro-
vides examples of interventions in each area.

Table 2. Climate policy intervention areas by major category of household carbon footprints.

Urban Infill Conservation Efficiency Renewable Energy

Transportation • Shorter travel • Reduce VMT (transit, • Fuel economy (or • Low carbon fuel
• distances • demand-side • efficiency) standards • standards

• management) • Electric vehicles

Energy • Smaller homes • Turning off lights • Home retrofits • Renewable energy
• Adjusting • Energy efficiency • Heating Electrification
• thermostats • standards

Food/Diets • Smaller household • Eating less • Buy organic, local, • Support farmers
• sizes • Reducing food waste • efficiently produced • that have methane
• Urban agriculture • Reducing meat, dairy • food • capture or

• & processed foods • renewable energy

Consumption • Smaller household • Improve conservation in • Improve efficiency of • Electrification and
&Waste • sizes • commercial sector • local services • renewable energy in

• Smaller homes • Shift consumption to • Encourage local • commercial sector
• Higher cost of living • more services • services

• Recycling

Note: Examples of state and local policies are included in each box.
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Baseline GHG emissions, local abatement potential
of each intervention area, cumulative state only policies,
and remaining carbon footprints under the deep GHG
abatement scenario are shown in Figure 3. In 2010, trans-
portation was the largest source of emissions, followed
by food, goods, services, and housing. If all policies are
successfully applied, transportation and housing emis-
sions are cut dramatically (70% and 90%, respectively),
leaving food as the largest source of carbon footprints in
2050. Electric vehicles, commercial efficiency, high effi-
ciency vehicles, urban infill, renewable energy, heating
electrification, VMT reduction, and healthy diets are all
large sources of abatement (discussed in detail below).
The combination of all state and local policies reduces
carbon footprints 38% below 2010 levels in 2030, and
65% below by 2050. Further abatement does not ap-
pear feasible without similar GHG abatement in imports
from other U.S. states and internationally. As direct emis-
sions from vehicles and energy are reduced over time,
an increasingly large fraction of carbon footprints will be

embedded in goods and services consumed within the
state but produced elsewhere. This underscores the im-
portance of tracking consumption-based emissions over
time at state and local levels.

The local abatement potential of each type of strat-
egy (urban infill, conservation, efficiency and renewable
energy) for each source of carbon footprints (transporta-
tion, housing, food, goods and services) in 2030 is pre-
sented in Table 3. Technology solutions from adoption of
efficiency and renewable energy account for about 70%
of total abatement, while conservation and urban infill
account for 30%. Nearly half of total GHG reductions are
from transportation (50.5 MMTCO2e), followed by hous-
ing (24 MMTCO2e), goods and services (16.3 MMTCO2e)
and food (9.1 MMTCO2e). Below we discuss potential
policies and programs underlying these estimates.

The presence of high carbon footprint neighbor-
hoods in urban cores in Figure 1 may seem to con-
tradict some urban planning principles. Most San Fran-
cisco neighborhoods are high density, well connected
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Figure 3. Carbon footprint abatement opportunities from local and state polices for state of California.

Table 3. Local GHG abatement potential in 2030 (million metric tons CO2e) by carbon footprint category and intervention
area.

Urban Infill Conservation Efficiency Renewable Energy Total

Transportation 2.5 15.4 15.6 21.1 150.5
Energy & Water 1.3 12.9 15.2 15.1 124.5
Food/Diets 1.8 17.3 — — 119.1
Goods & Services 1.7 12.0 14.4 — 116.3

TOTAL 7.3 23.3 35.4 36.2 102.2
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to transit, jobs, etc., yet many of the city’s neighbor-
hoods have higher than average carbon footprints (red
colors in Figure 2). Income largely accounts for the dis-
crepancy. Statewide, income explains 62% of the varia-
tion between block groups (Figure 4, right), compared
to less than 7% for population density (Figure 4, left).
This follows since expenditures are highly correlated
with income, and each dollar spent produces life cy-
cle greenhouse gas emissions that are captured in the
consumption-based approach. However, at each income
level there is still a wide range of carbon footprints be-
tween block groups. At average household income lev-
els of $60,000, the range is roughly 30 to 60 tCO2e (Fig-
ure 4, right) for California block groups. These differences
may be explained by many factors, including urban plan-
ning variables such as proximity to transit, jobs, and ser-
vices, urban form and home characteristics. In a previ-
ous study, Jones and Kammen (2014) found that of 32
variablesmodeled using a similar approach, six explained
93% of the variation in carbon footprints: vehicle owner-
ship, income, carbon intensity of electricity, home size,
household size and population density (in that order).

Following this logic, basing urban infill decisions on
the carbon footprints of households at similar income
levels may be more effective than basing infill deci-
sions on proxy variables, such as density. To explore this
hypothesis, we compared the GHG benefit of adding
new housing to all locations over 10,000 persons per
square mile vs. locations with below average carbon
footprints at all income levels (following the linear fit
in Figure 3). Basing urban infill on population density
achieves ∼3 MMTCO2e abatement in 2030 in California,
which is slightly higher than a recent comprehensive es-
timate of urban infill (Elkind et al., 2017). If, on the other
hand, urban infill occurs where household carbon foot-
prints are low relative to other locations with income
levels across the state, GHG savings are 7.5 MMTCO2e,

three times larger than previous estimates. Using this
approach, more locations become good candidates for
urban infill, including many high-income neighborhoods
in urban cores, such as most of San Francisco, and the
wealthy hillside of the East Bay. While these neighbor-
hoods have higher than average carbon footprints, they
have lower than average carbon footprints for their in-
come level. Low carbon footprint cities that make hous-
ing available at all income levels help share the burden of
meeting housing demand, while lessening the impact on
the climate across the population. Using our approach,
urban infill reduces all aspects of carbon footprints, in-
cluding 2.5 MtCO2e from transportation, 1.3 MtCO2e
from energy, 1.8 MtCO2e from food, and 1.7 MtCO2e
from goods and services statewide. The abatement po-
tential of infill development for transportation and en-
ergy has been extensively covered elsewhere (Cervero &
Murakami, 2010; Ewing & Cervero, 2001). Including food,
goods and services roughly doubles this potential in our
analysis. Additional work would be needed to determine
the true land use potential based on political, economic,
social, technological, economic and legal factors.

6.1. Conservation Strategies

Conservation requires changing daily activities until
those activities become habits. Common strategies in-
clude changing environments, for example through
choice architecture (Thaler, Sunstein, & Balz, 2014) or in-
frastructure investments (e.g., public transit), and chang-
ing norms of behavior through feedback, social cues, per-
suasive messaging and other strategies (Cialdini, 2003;
McKenzie-Mohr, 2012; Schultz, Nolan, Cialdini, Gold-
stein, & Griskevicius, 2007; Stern et al., 2016). While
generally considered less effective than efficiency (Abra-
hamse et al., 2005), conservation strategies can be an
effective “foot-in-the-door” to energy efficiency and re-
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Figure 4. (Left) carbon footprint of Census block groups by population density, and (right) carbon footprints by average
annual household income (right-hand figure).
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newable energy purchases that require stronger com-
mitments (Cialdini, 2003). Behavior-based programs can
also engage, educate, motivate, and empower (Petersen
et al., 2015) communities to take climate action, such as
competitions between campuses, businesses and com-
munities (Vine & Jones, 2016).

Reducing VMT has been a primary objective of ur-
ban planning for decades, yet per capita VMT in the
state are once again on the rise. New technologies and
strategies offer some potential. California’s High Speed
Rail system is anticipated to reduce statewide GHG emis-
sions by about 1% when fully implemented (Chester &
Horvath, 2012). Combining this system with new invest-
ments in transit, and urban infill will offer low to zero car-
bon short and long-distance travel. The benefits of tran-
sit are greater with increased urban infill, modeled sepa-
rately. Pay-as-you-drive insurance, lane pricing, gasoline
taxes, incentives and other market-based strategies will
increasingly put price signals in place. Emerging technolo-
gies, including automation, electric vehicles and shared
vehicles, hold potential to lower traffic and the use of
single occupant vehicles. A 10% reduction in VMT would
reduce 5.4 MMTCO2e in 2030, even with aggressive im-
provements in vehicle fuel economy and electrification.

Conserving energy holds less potential in California
than in many other locations due to increasingly low
carbon-intensity of electricity and relatively mild climate.
Only 10% of household carbon footprints are from elec-
tricity and heating fuels combined statewide, and less
than 5% in mild coastal areas, such as the San Fran-
cisco Bay Area. Full adoption of energy conservation
behaviors (curtailment) would reduce 2.4 MMTCO2e in
2030, with considerably more savings from energy effi-
ciency (below).

Food accounted for nearly 20% of GHG emissions
from a consumption perspective in 2010 and we project
it will be the largest source of carbon footprints by 2050,
evenwith aggressive efforts to reducemethane from the
dairy and cattle industries and other improvements. The
average American household spends $7,000 per year on
food (over 10% of gross annual income), and each dol-
lar produces about 1kg. CO2e, on average, throughout
supply chains (Suh, 2009). Shifting 12% of Californians
to healthy, low-carbon diets (with 50% fewer calories
from meat, dairy, and processed foods) would reduce
7.6 MMTCO2e in 2030. School lunch programs, dietary
guidelines, urban agriculture, education, improved food
access, reducing food waste, partnerships with restau-
rants and supermarkets, and product labeling are just
a few of the ideas that have been initiated to address
food. Commensurate levels of funding and engagement
are necessary to address food systems.

Household consumption is the target of polices and
campaigns to reduce, reuse and recycle goods and ma-
terials. Since life cycle emission factors of manufactured
goods already include benefits of recycled materials, we
have not included the GHG potential of additional recy-
cling efforts; however, the marginal benefit of recycling

for communities is still large. Another possible strategy
is to shift consumption by promoting local services. On
average, services require ∼500 grams CO2e per U.S. dol-
lar versus ∼800 grams for goods produced in the U.S.
(Suh, 2009), while California businesses that use local low
carbon sources of energy likely produce fewer emissions
(Reich-Weiser, 2010). Shifting 15% of expenditures from
goods to services would reduce 2 MMTCO2e statewide.
Local governments can also engage local businesses in
conservation measures; we include total savings from
the commercial sector into efficiency strategies below.

6.2. Efficiency Strategies

Efficiency strategies involve encouraging energy efficient,
or efficiently-produced, goods and services, usually at a
single point in time. Policies include incentives, labeling,
codes, standards and behavior-based programs. While
frequently applied to motor vehicles and energy (build-
ings and appliances), the same strategies are increas-
ingly being applied to encourage low-carbon production
and consumption of food, goods and services (Hertwich
et al., 2010).

Improving the fuel economy of motor vehicles is
the single largest source of emission reductions, savings
nearly 15.6 MMTCO2e by 2030. We have only modeled
abatement from fuel economy standards for internal
combustion engine (ICE) vehicles, but policymakers can
begin encouragingmore efficient electric and alternative
fuel vehicles as well. The most fuel-efficient ICE vehicles
consume 30% less fuel than inefficient ICE’s; conversely,
the most efficient electric vehicles consume 50% fewer
kWh than the least efficient electric vehicles (U.S. Depart-
ment of Energy, 2010). Efficient motorcycles and electric
bicycles should also be considered in a low-carbon mo-
torized vehicle fleet.

California state policy mandates that all new residen-
tial buildings be zero net energy (ZNE) by 2025 and the
state seeks 40% efficiency gains in existing buildings by
2030. Achieving these targets will require substantial col-
laboration with local governments. We estimate that to-
tal statewide savings potential of 9.2MMTCO2ewith 57%
at least partially within local control. It is important to
note that energy efficiency is a short to medium-term
strategy. Once 100% heating electrification is achieved
and all electricity is produced from renewable sources,
energy efficiency will no longer lead to reductions in
household GHG emissions.

We have not modeled any GHG benefits for choosing
efficiently-produced foods. Despite strong interest in lo-
cal and organic food, foodmiles tend to be only 5–10% of
emissions from most foods (Weber & Matthews, 2008)
and there is wide is variation in the carbon intensity of
food production (Cooper, Butler, & Leifert, 2011).

Reducing emissions in the commercial sector by
15% saves 14.4 MMTCO2e in 2030. Local govern-
ments can use their convening power to build coali-
tions to support local green businesses. California has
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a robust network of green business certification pro-
grams, as well as statewide awards and recognition
(http://coolcalifornia.org).While industrial emissions are
managed largely by state policy, including cap-and-trade,
local governments have considerable influence over
commercial emissions.

6.3. Renewable Energy and Decarbonizing Fuels

Decarbonizing fuels has historically been the last option
in the loading order of energy policies (Waide & Buchner,
2008); however, this is changing as the cost of renew-
able energy has decreased. Fully electric homes, com-
bined with electric vehicles and renewable electricity of-
fer a large and quick, albeit still relatively costly, abate-
ment opportunity.

California has set a target of 4.2 million electric ve-
hicles by 2030, a jump from just 200,000 full plug-in
electric vehicles in 2010. To-date, incentives have been
insufficient to drive widescale adoption of EVs even as
purchase prices and leases have come down. Local gov-
ernments can encourage the use of electric vehicles by
adding charging stations, offering free parking or other
incentives, equipping new homes with charging infras-
tructure, fleet purchases, and public engagement cam-
paigns. As these vehicles become more popular there
may also be a “Prius effect” (Sexton&Sexton, 2011),with
social norms encouraging more adoption. Encouraging

10% adoption of electric vehicles by 2030 (less than 2mil-
lion vehicles) would reduce 18 MMTCO2e statewide.

By 2050, virtually all electricity must come from re-
newable sources in order to meet California’s climate
targets (Wei et al., 2013; Williams, et al., 2012). As this
transition happens, the GHG abatement potential of en-
ergy efficiency and conservation will decrease relative to
switching from gas to electricity for most home end uses.
California’s Draft Scoping Plan does not include heating
electrification, but recent analysis demonstrates this pol-
icy would not add considerably to the cost of the portfo-
lio of policy measures currently considered in the plan
(Raghavan, Wei, & Kammen, 2017). Solar photovoltaic
and local renewable energy offer considerable poten-
tial for communities to take charge of energy choices.
Converting 30% of homes from natural gas to electricity
would save 7.7MMTCO2e by 2030. Increasing renewable
energy by just 10% would also reduce over 7 MMTCO2e
in 2030.

7. The Carbon Footprint Abatement Potential of
California Cities

The mitigation potential of jurisdictions depends largely
on the size and composition of household carbon foot-
prints. Figure 5 compares local abatement potential of
three very different California cities, each with about
100,000 population: El Monte, Berkeley and Tracy. El
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Figure 5. Carbon footprint abatement opportunities for selected cities with ∼100,000 population.
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Monte (1.25 MMtCO2e) is a relatively low income, low
carbon footprint community in Los Angeles County.
While population exceeds 101,000, household size is
higher than average, translating to relatively higher emis-
sions per household from food, but lower carbon foot-
print overall. Urban infill potential (using our approach
of only moving households with similar income) is low
since low income households elsewhere in California
also have low carbon footprints. The city of Berkeley
(1.6 MMtCO2e), with fewer residents (∼92,0000) has
more than double the abatement opportunity, with large
potential from urban infill (over 120,000 tCO2e in 2030),
energy (mainly reducing, and eventually eliminating, nat-
ural gas) and efficiency in the commercial sector. The city
of Tracy (1.9 MMtCO2e with 106,000 people), a distant
Bay Area suburb, holds the highest abatement potential
from electric and high efficiency vehicles and renewable
energy. While these cities are somewhat extreme cases,
they demonstrate the range in the size and composition
of mitigation opportunities for similarly-sized cities.

Large differences between carbon footprints of
neighborhoods present important environmental justice
concerns. Those who are least responsible for emissions
are frequently the most exposed to harmful effects of
pollution. However, under our deep carbon footprint
abatement scenario, which is in linewith policies tomeet
California’s climate targets for 2030 and 2050, these dif-
ferences are dramatically reduced over time. Deep GHG
abatement reduces air pollution as well as disparities
in GHG responsibility (carbon footprints). Figure 6 dis-
plays average household carbon footprints in San Diego
County under our climate target compliance scenario.
By 2050, the average household carbon footprint in San
Diego County drops from 44.1 to 12.8 tCO2e per house-
hold, with much smaller differences between neighbor-
hoods: standard deviation = 2.4 in 2050, compared to
9.7 in 2010. If California meets its climate targets, large
disparities in carbon footprints will essentially disappear
with important co-benefits of reduced pollution in vul-
nerable communities.

Figure 6. Average household carbon footprints of San Diego County neighborhoods under CA climate targets.
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8. Uncertainty and Limitations

Like any model, our results must be observed within
the context of the assumptions we have made. Much of
our work on carbon footprint modeling has been exten-
sively peer reviewed in previous studies (Jones & Kam-
men, 2011, 2014, 2015). Potential sources of uncertainty
include measurement error (e.g., in surveys used), ag-
gregation error (combining disparate types of products
in a single product category), modeling error (e.g., as-
suming linearmodels, and goodness of fit), parameter er-
rors (e.g., outdated datasets), and linguistic imprecision,
among others. The newest feature of our model is the
projection to the year 2050 based on assumptions about
potential adoption rates and the split between state only
and ‘local’ policy intervention areas. Adoption rateswere
chosen to align with previous studies that describe what
would be needed tomeet California’s aggressive GHG tar-
gets. This is in no way a prediction of future emissions,
but rather a scenario for deep GHG abatement. Free in-
teractive online tools are available for readers interested
in developing their own scenarios for any California city
or county (http://coolclimate.org/scenarios-california).

The consumption-based inventory approach also has
inherent limitations, even if modeled accurately. Actual
expenditures on food, goods and services are only known
at the scale of large metropolitan areas, and not individ-
ual cities or neighborhoods within cities; these are esti-
mated based on household size and income. Thus, there
may be important differences between locations, and
changes in spending habits over time are only reflected
at metropolitan scales. Furthermore, we assume that
consumers purchase average quality goods, with similar
emissions per dollar of expenditure. This is particularly
problematic for high income neighborhoods that are
more likely to purchase luxury goods at relatively high
cost for similar products. Furthermore, consumption-
based inventories, such as ours, may only be updated
every five years or more due to data availability and
resources. It may therefore be difficult, or even impos-
sible, for cities to track full consumption-based emis-
sions regularly over time without a costly survey ap-
proach. While cities may have difficulty tracking emis-
sions over time, households can do this quite effectively
using a household carbon footprint calculator, such as
ours (http://coolclimate.org/calculator). The real value
of a consumption-based inventory is the ability to engage
individuals and households in climate action. It should
thus serve as a complement, and not a replacement, to
a traditional GHG inventory.

9. Conclusion

This study developed a consumption-based GHG emis-
sions inventory of all California neighborhoods, cities and
counties, with projections to the year 2050 based on a
deep carbon footprint abatement scenario. Statewide,
GHG reductions consistent with meeting California’s ag-

gressive GHG targets would require local involvement
in at least 35% of needed abatement. Urban planning,
conservation, energy efficiency and renewable energy all
require extensive local participation. A combination of
state and local policies consistent with meeting Califor-
nia’s production-based target of 80% reduction by 2050
would reduce consumption-based emissions by an esti-
mated 65% by 2050. Increasingly, a larger share of emis-
sions will be exported outside of California. We project
food will become the largest source of carbon footprints
by 2050; shifting attention to promoting healthy, low-
carbon diets is becoming increasingly important from a
consumption perspective.

Our analysis of California carbon footprints leads to
a number of priorities specific to California locations
throughout the state (e.g., vehicle and heating electrifi-
cation, renewable energy, urban infill, changing diets),
some of which would be different for other regions
with different climates, amounts of driving, incomes, and
physical forms. Regardless of place-based priorities, ac-
counting for consumption andmodeling policy outcomes
can help local governments concentrate on implement-
ing the most promising policies and programs.

The results also support different GHG reduction
priorities for suburban and urban areas. Technology-
oriented strategies such as all-electric homes and cars
appear desirable for affluent suburban jurisdictions with
large houses, large rooftops, and long private-vehicle
commute trips (e.g., the city of Tracy). Households in
these locations often have the ability to generate pho-
tovoltaic electricity which—coupled with conservation
and efficiency improvements—could potentially meet
their energy demand for both home heating/cooling and
transportation. Households in less-affluent, high-density
urban neighborhoods (e.g., El Monte) may have lower
energy consumption as well as less financial ability or
rooftop space to generate photovoltaic energy. Since a
larger proportion of their emissions come from house-
hold consumption, they appear be better candidates
for campaigns to promote healthy diets and sustain-
able consumption. Mixed income urban core cities (e.g.,
Berkeley) hold the most potential for urban infill, with
statewide GHG benefits.

Reducing consumption-related GHG emissions
will almost certainly require changing behavior.
Neighborhood-scale GHG emissions data can help tar-
get many of these efforts. Comparisons of household
carbon footprints may be particularly useful at neigh-
borhood scale where differences are the largest and
households can compare their own carbon footprints
(http://coolclimate.org/calculator) with neighborhood
averages (http://coolclimate.org/maps-2050).

We recognize that in most cases political support, in-
stitutions, and economics would need to evolve in or-
der to make such actions possible. To achieve full GHG
abatement, local governments will need to think and act
in new ways: as conveners, advocates and collaborators
in community-wide engagement in climate action. Sev-
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eral cities in California are alreadymoving along this path,
serving as models for similar communities beyond Cali-
fornia’s borders.

Consumption-based, neighborhood-specific GHG
footprint mapping and planning has the potential to
usher in a new era of climate change planning, onewhich
addresses emissionsmore comprehensively andmore lo-
cally, and engages household fully in their climate com-
mitments. The highly scalable method presented here
allows cities to get started immediately, without pro-
ducing expensive inventories of their own. This same
method could be applied to all U.S. locations and other
countries, helping to identify themost promising policies
to drive low carbon economies globally.

Consumption-based, high geospatial resolution GHG
inventories and planning tools appear to have some im-
portant advantages over other inventory methods. They
give local and regional officials the most complete ac-
counting of their residents’ carbon footprints and pro-
vide potential intervention strategies down to neighbor-
hood scale. Supplemental carbon footprint calculators
can engage households directly in tracking and reducing
their carbon footprints over time. For California, our in-
ventory, maps, calculator and policy scenario tools can
support prioritization of GHG policies for local govern-
ments throughout the state.

10. Supporting Online Tools and Materials

Supporting tools and data are available for free access on
the project website: http://coolclimate.org.

• A results spreadsheet for all California cities and
counties: http://coolclimate.org/data;

• Interactive online map for any neighborhood for
years 2010–2050: http://coolclimate.org/maps-
2050;

• Carbon footprint scenario tool for all California
cities and counties: http://coolclimate.org/scen
arios-california;

• CoolClimate Calculator, an online tool allowing
users to compare their carbon footprints to similar
households and create customized climate action
plans: http://coolclimate.org/calculator.
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