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Abstract 
Fifty-two cities, sixty-three businesses, and several universities have become living laboratories 
for ambitious climate mitigation programs. By 2050, the total annual emissions for the fifty-two 
cities will reduce by 407 MMTCO2e (million metric tons), compared with their base period 
(ranging from 1990 to 2013) emissions, which is equivalent to making the entire state of 
California, the sixth largest world economy, nearly carbon neutral. Case studies reveal that 
between 2000 and 2014, California and Sweden grew their Gross Domestic Products (GDPs) by 
nearly 30% while their CO2e emissions declined by 5% and 24% respectively. Such reductions 
employ a multitude of action plans, which we place in the context of the Ten Solutions for 
Carbon Neutrality and Climate Stability published by the University of California. The 
technologies deployed by the living laboratories include: improving end-use efficiencies; 
conversion to renewably generated electricity; solving intermittency of solar and wind power 
with batteries, fuel cells, and hydrogen; developing micro-grids for distributed power generation; 
expanding use of electric vehicles; recycling reform; capturing agricultural/landfill emissions for 
conversion to gas; and food waste reduction. The living laboratories have demonstrated that 
scalable technologies are available now to drastically reduce world-wide carbon emissions. 
However, doing so requires fundamental behavioral changes. 
Keywords: Urban Carbon Neutrality, Living Laboratories, Climate Change Mitigation 
 
 
 
 
1. Introduction 
As illustrated by the historic Paris Agreement, there is a consensus among climate scientists, 
policy makers, and national leaders alike to limit the rise of global temperatures to well below 
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20C (Rockstrom et al, 2016).  Thus far, only one nation, Bhutan, actually absorbs more carbon 
dioxide than it releases, primarily due to its large forest cover (Climate Action Tracker, 2015).  
Only few other small countries (with populations under 10 million) have committed to national-
scale carbon neutrality; these include Costa Rica, the Maldives, Iceland, Sweden, Norway, and 
New Zealand. For larger nations, this requires daunting large-scale changes that can be more 
effectively implemented at sub-national levels. In all jurisdictions, the convergence of science 
and policy is fundamental to setting and achieving ambitious targets. Limiting warming well 
below 20C requires that we achieve zero net emissions of CO2 (Carbon Neutrality) by mid-
century (IPCC, 2014; Ramanathan et al, 2015; Rockstrom et al, 2016) and maximum possible 
reductions of four short-lived climate pollutants: methane, black carbon, Hydrofluorocarbons 
(HFCs) and tropospheric ozone (Ramanathan and Xu, 2010; Shindell et al, 2012) by 2030. This 
in turn requires widespread investments, commitment by local to national governments, and 
immediate action from all stakeholders across the globe. The Paris agreement and its mechanism 
of Intended Nationally Determined Contributions (INDCs) have already put us on a pathway of 
emissions well below the business as usual (BAU) trajectory. Nevertheless, the committed 
Nationally Determined Contributions (NDCs) have to be augmented significantly to limit the 
warming to well below 20C. 

The fundamental issue is how and where we start on this historic journey of carbon neutrality 
and climate stability. For the fifty-two cities and the sixty-three businesses included in this study, 
that journey has already begun. Cities produce 70% of global CO2 emissions, and hence are the 
ideal test cases for the present Living Laboratory study. As of 2011, the global CO2 emission is 
38 Gt CO2Yr-1 for all sources including fossil fuels, cement production, and land use changes 
(including deforestation) [IPCC, 2014]. For emission mitigation of CO2 and all other greenhouse 
gases (GHGs), the data is shown in terms of equivalent CO2 (CO2e), and the global emission of 
GHGs (including CO2) is 48 Gt CO2eYr-1 (IPCC, 2014).  The mitigation data we gathered for the 
cities and other jurisdictions are in some cases for CO2 emissions and for others in terms of 
equivalent CO2 emissions, CO2e. In what follows, we have adopted a uniform convention of 
citing and grouping the data for emission mitigation as CO2e, since in instances when the 
emission mitigation targets are just for CO2, CO2e and CO2 mitigation have the same value. 

The primary objective of this study is to capture the approaches and techniques of these living 
laboratories. The expectation is that an illustration of these living laboratories can energize and 
motivate the rest of the world to innovate solutions for carbon neutrality. The solutions adopted 
by these living laboratories can in turn help transform society, from its current unsustainable 
consumption of fossil fuels, to a sustainable growth pattern that preserves natural resources for 
future generations. There is precedence for making such a claim. The University of California 
(UC) System of 10 campuses with a combined population of 500,000 has decided to go carbon 
neutral by 2025. As we report later, this carbon neutrality initiative (CNI) has created a number 
of innovations within each campus to cut carbon emissions.  The initiative prompted 50 faculty 
members  from the 10 campuses, representing multiple disciplines including the social and 
natural sciences, engineering, and religious studies, to band together under the umbrella of the 
CNI Carbon Neutrality Initiative and release a report “Bending the Curve” (BtC) (Ramanathan et 
al, 2015). The BtC report identified 10 broad solutions covering the various interlinked 
dimensions which need to be addressed by any climate solutions effort. These 10 solutions also 
serve as an important analysis tool for evaluating the case studies presented here.  We follow the 
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description of cities and industries, with two case studies involving the state of California and the 
country of Sweden, and conclude with lessons learned. 

Several pollutants contribute to warming of the climate system. These include the long-lived 
greenhouse gases, GHGs, (CO2, N2O and halocarbons such as CFCs) and the four short-lived 
climate pollutants (SLCPs), three of which are gases (CH4; tropospheric Ozone; Hydro-fluoro-
carbons or HFCs) and the fourth being black carbon (BC), which is a particle. The Paris climate 
agreement includes the long-lived GHGs and two of the SLCPs (CH4 and HFCs), but does not 
explicitly include tropospheric ozone or black carbon. It is also likely that switching to 
renewables to achieve carbon neutrality will eliminate certain (but not all) sources of SLCPs 
such as black carbon from diesel vehicles and fugitive emissions of methane from production 
and transport of fossil fuels. Another complicating factor is that air pollution laws regulating 
emissions of particulates (so-called PM laws) usually target black carbon emissions from diesel 
vehicles and open burning; and laws regulating ozone may regulate methane emissions. Until 
these distinctions and linkages between climate mitigation and air pollution mitigation are 
explicitly recognized in climate mitigation policies, it is preferable to keep track of CO2 
mitigation actions and SLCP mitigation actions separately as is done by the Climate and Clean 
Air Coalition of the United Nations Environment Program (www.ccacoalition.org) and we 
follow this precautionary practice in the present paper. 

2. Living Laboratories: Cities 

Cities currently cover only 2% of the earth’s surface, yet produce more than 70% of the world’s 
CO2. It is also predicted that by 2050, two thirds of the world population will be urban dwellers. 
[UN Habitat, 2016]. With respect to climate change, cities face triple threats: Global warming, 
the urban heat island effect, and air pollution. These threats are bound to worsen as urban areas 
become more densely populated. If low carbon urban development strategies were to be adopted 
and implemented by 2020, required mitigation actions could reduce GHGs cumulatively by 3.7 
Gt by 2030 [New Climate Economy Report, 2015]. The C40 organization has currently enrolled 
86 affiliated cities, while the Compact of Mayors currently contains commitments, at various 
stages of implementation, from 428 cities. Using these two organizations as references, fifty-two 
cities were selected based on three criteria: first, they were already on a pathway of emissions 
reductions; second, they had a published climate action plan; finally, the third criteria we adopted 
was to include only those cities that committed to greater than 25% total GHG reductions by 
2050. Reductions are generally based on so-called Scope 1&2 emissions sources, which 
encompass all emissions from sources within the city boundary, as well as those occurring from 
use of grid-supplied electricity, heat, steam, and or cooling.  Most city climate action plans do 
not include Scope 3 emissions; those which occur outside of a city boundary but as a result of 
city activity. These emissions are not included, primarily because they are very difficult to track 
and control, but may include significant emissions sources such as those concerning waste. 
Reductions of such scope 3 emissions require nationally mandated plans or cooperative 
agreements between city governments, especially among neighbors.  

The total sum of the emissions (CO2e) from the fifty-two cities is 657 MMTCO2e for 1990 and 
618 MMTCO2e for 2015. The emission targets adopted by the fifty-two cities are shown in 
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Figure 1, where they are grouped together by continent, and in the supplemental material Table 
S1.   
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Figure 1:  Targets for GHG emissions reductions by region for 2030 [2020-2040] and 2050 [2040-2060] 
from a baseline year (ranging from 1990-present). The baseline year is not the same for each city. It varies 
from 1990 to 2012 (see Table S1 in Supplements). In addition, the target year for the first period centered 
around 2030, varies from 2020 to 2040 depending on the city; and for the second period it varies from 
2040 to 2060. In order to present these data in a uniform way, we grouped target years that varied from 
2020 to 2040 under the 2030 emissions; and target years from 2040 to 2060 under the year 2050 
emissions. Some cities, target the year 2040 exactly; in such instances, the cities have a second target year 
that is either earlier or later than 2040.  For those cities with a second target year earlier than 2040, we 
group the 2040 data under 2040 to 2060 period; for those with a second target year later than 2040, the 
2040 data is grouped under the 2020 to 2040 period.  

The fifty-two cities shown in Figure 1 include large metropolises and capital cities, which 
contribute significantly to their state, and national, emissions. Two such cities, Seoul and Tokyo, 
are designated megacities: populations exceeding 10 million. Initiatives, such as achieving 100% 
renewable energy, including power generation, or becoming fossil fuel free, are additionally 
adopted by many of these sampled cities. Examples include Copenhagen, which aims to be the 
first carbon neutral capital by 2025, or Melbourne, which is targeting carbon neutrality by 2020, 
making it the first among the fifty-two cities to do so [Kim Le Cerf, personal communication, 
City of Melbourne August 21, 2016]. Copenhagen and Melbourne both have energy efficiency 
initiatives and incentives to encourage sustainability, while their energy mixes differ greatly. 
Copenhagen has a district heating system, which will transition to biomass for fuel. On the other 
hand, Melbourne gets more than 50% of its electricity from coal, and is working to purchase 
more renewables, as well as offer increasing rebates for solar installations. Stockholm and Oslo 
are two cities which have vowed to eliminate the use of fossil fuels entirely by 2040 and 2050 
respectively, especially targeting their transportation sectors via biogas and electric public 
transportation, as well as implementing highly efficient heating and cooling energy systems. A 
handful of others are on track toward becoming 100% renewable, including Vancouver, 
Copenhagen, San Francisco, and San Diego. Vancouver has plans to transition neighborhoods to 
centralized heating systems and use bio-methane and biofuels to replace fossil fuels. San 
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Francisco and San Diego both plan to expand their current mix of solar, wind, and wave energies 
(Jacobson, 2016).  

 

Figure 2:  Current (2015) emissions and projected emissions for 2030 and 2050 for the 52 cities grouped 
by continent. Units: MMTCO2e (million megatons carbon dioxide equivalent). The total emissions for the 
52 cities are: 618 MMTCO2e for 2015; 442 MMTCO2e for 2030; 251 MMTCO2e for 2050. 

Figure 2 shows the emissions for 2015 along with the projected emissions for 2030 and 2050, for 
the fifty-two cities grouped by continent. The data shown in Fig. 2 were estimated as follows: 
For the year 2015, we estimate the emissions based on the data provided for the year closest to 
2015, which range from 2006 to 2015.  We then apply the percent reduction data from Figure 1 
to the baseline emission to obtain the emissions for 2030 or 2050. The total emissions reduction 
for the fifty-two cities for the year 2050, when compared with the baseline emissions, is 407 
MMTCO2e.  Compared with the global CO2 emissions of 38 Gt CO2Yr-1 (for 2011 from IPCC-
AR5) the reduction in emissions for the fifty-two cities is about 1%; about 0.8% of the 48 Gt 
CO2e Yr-1 (for 2011 from IPCC-AR5) for the emissions of all anthropogenic greenhouse gases. 
In order to provide another perspective of the magnitude of the mitigation efforts by the fifty-two 
cities, let us compare with California, the sixth largest economy in the world. The 2014 emission 
of greenhouse gases by California is 441.5 MMT CO2e, and thus the 407 MMTCO2e mitigation 
by the fifty-two cities is equivalent to making the entire state of California nearly carbon neutral.  

The stringent search criteria employed in this study limited the number of cities from Asia, 
Africa, and South America to just 10. Despite this, we see that the emissions from the 5 Asian 
cities are comparable to the high emission levels of North America and Europe. 
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3. Case Studies 

3.1 California and Sweden 

California: California currently has the world’s sixth largest economy, the United States’ most 
prominent agricultural and IT industry, and has historically proven to be a leader in mitigation of 
air pollution, as well as in climate change mitigation actions through aggressive command and 
control policy and technological innovations. Three cities in California are among the 10 most 
populated cities in the United States. The state’s vulnerabilities to the projected impacts of 
climate change include longer and more intense heat waves which amplify the urban heat island 
effect; coastal erosion due to sea level rise; intense storms and associated floods and landslides; 
severe droughts caused by the early melting of the snowpack and the increased evaporation of 
moisture from the warmer surface, both of which exacerbate the drought caused by variability in 
precipitation.  California’s total GHG emission for 1990 was 427 MMTCO2e, and has risen 
slightly to 441.5 MMT in 2014. California’s Assembly Bill 32 (AB 32) mandates the state to 
reduce its 2020 emissions to 1990 levels. Additional legislation, Senate Bill 32 (SB 32) signed 
into law last year by the state’s governor, sets the goal for reducing GHGs emissions (CO2e) by 
40% (from 1990 level) by the year 2030. In addition, it has set strict mandates targeting SLCPs 
(Short-Lived Climate Pollutants) which are commonly overlooked [SB1383-Air Resources 
Board, 2016].  

 

Figure 3: California’s mitigation targets. For GHGs, California’s AB32 law mandates the reductions. This 
law passed in 2006, uses GHG emissions of 1990 as baseline levels. For Carbon dioxide there is no 
specific 2030 mandated target or BAU projection; instead goals for CO2 are encompassed within the 
mandated 40% total GHG emissions reduction measured in CO2e.  The mandates for the short-lived 
climate pollutants were set only in 2016 (SB1383) with a baseline year of 2013. Accordingly, the 100% 
emission in the figure for GHGs is the 1990 emission levels (426.6 MMT CO2e), whereas for SLCPs, it is 
2013 emission levels which are: Methane: 118 MMTCO2e, HFCs: 40 MMTCO2e, Black Carbon: 38 
MMTCO2e. In reporting black carbon emissions as equivalent CO2e emissions, we are simply citing the 
numbers from the CA government website. Conversion of black carbon emissions to equivalent CO2 
emissions is subject to numerous uncertainties. However, such uncertainties do not impact the conclusion 

0%

20%

40%

60%

80%

100%

120%

140%

160%

180%

GHGs Methane HFC's Black Carbon

1990

2013

2030 BAU
Projection
2030 mandated
target



 

 8 

we draw from the numbers in Figure 3, which is that black carbon emissions will be reduced by 50% from 
its 2013 levels by 2030. One reason for choosing 2013 as the baseline (instead of 1990) for SLCPs is that 
black carbon emissions for 1990 are not known.  

The 40% reductions in GHGs emissions (as in SB32) in principle include the GHGs methane and 
HFCs, which are also included under SLCPs in SB1383. By targeting methane and HFCs under 
SB-1383 (the SLCPs emissions), SB 32 can therefore largely focus on CO2 emissions. The state 
has also created an Under2 MOU (Memorandum of Understanding) for an international 
partnership with jurisdictions (cities; states; nations) which have agreed to the significant 
emissions reductions mandated by California. A total of 170 jurisdictions representing 33 
countries and six continents have signed or endorsed the Under2 MOU. In addition, a five 
climate-change- pillars strategy to achieve the 2030 emissions targets has been established. The 
five pillars include attaining 50% renewable energy, a 50% cut in petroleum use in vehicles, 
doubling energy efficiency savings in existing buildings, incorporating and managing carbon 
sequestration from natural and working lands, and reducing SLCPs. A sixth pillar, “safeguard 
California” was also added to incorporate adaptation of the state to present, and future, 
unavoidable impacts resultant of pollution and climate change [Air Resources Board, 2015].  

Interim mandates for statewide renewable electricity sources are to reach 20% by 2017, and 33% 
by 2020, ensuring that the state remains on track to reach its 50% goal by 2030 [Rechtschaffen, 
2016]. The current energy mix includes a large range from hydroelectric, natural gas, solar, 
petroleum, wind, nuclear, biomass, and 20% of the world’s geothermal electrical power. The 
advancement of clean cars and zero-emissions vehicles (ZEVs), and a low-carbon fuel standard, 
make up valuable components of California’s past and current efforts to reduce vehicle 
petroleum use and mitigate specific super pollutants, such as black carbon.  Such energy 
efficiency standards and zero net emissions (ZNE) targets for vehicles, accompanied by required 
increases in fuel economy and a ZEV mandate of 1.5 million vehicles by 2025, contribute 
significantly to emissions reductions in the transportation sector. Transportation currently makes 
up 36% of the state’s emissions, making it the largest source, 70% of which is due to light duty 
vehicles [Air Resources Board, 2016].  With further developments of hydrogen fuel cell 
technology, which strips the electrons to produce current, the hydrogen currently produced from 
natural gas could fuel all vehicles in the state. 68 Hydrogen stations are currently in existence to 
support a solid hydrogen fueling infrastructure [Samuelsen, 2016]. Another mandated strategy 
includes diesel engine controls to limit black carbon emissions, which has been adopted 
worldwide; Methane cap and trade offsets and landfill regulations, as well as HFC limitations 
were nationally adopted for refrigerants and air conditioning as well, following California’s 
initiatives. These aggressive steps illustrate that technologies to reduce emissions by 40% are 
already on hand or can be innovated soon. 

However, one prerequisite for gaining public confidence is good governance and a history for 
mandating such aggressive goals; more importantly, a history of success in implementing the 
goals. California’s history with climate change mitigation legislation is shown in Table 1, 
spanning from the late ‘90’s to today. In the past, the aggressive policies targeting air pollution 
have resulted in visible improvements in the air quality, especially impacting the infamous Los 
Angeles smog, bettering public perception of policy and science’s cooperative effectiveness. For 
example, monitoring networks have shown that black carbon concentrations have come down by 
90% since the 1960s (Ramanathan et al, 2013; Report to CARB). These bills and initiatives build 
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on one another over the years and demonstrate the commitment and diligence required to achieve 
success. The state is now attempting the same outcome for reducing the super-pollutants known 
as short-lived climate pollutants [SLCPs] with the most stringent restrictions in the country.  The 
SLCPs bill, SB 1383, if implemented globally, would reduce warming by about 0.60C by 2050, 
equivalent to reducing projected warming by as much as 50% (Ramanathan and Xu, 2010; 
Shindell et al, 2012).  

The state also relies on aggressive measures adopted by its major cities which are described 
below. 

San Francisco The city of San Francisco has a 1990 emissions baseline of 6.2 MMTCO2e.  It has 
set targets for reducing to 3.72 MMTCO2e by 2025, on the path toward a 2050 goal of 1.24 
MMTCO2e (an 80% total reduction from the 1990 level) [San Francisco Department of 
Environment, 2013]. San Francisco’s first Climate Action Plan was published in 2004, and set a 
target for a 20% reduction from the then current emissions levels by the year 2012. It was 
updated once the city had surpassed its goal, to the current level of a 40% reduction by 2025. 
Public support is evident in the near 100% compliance rate for actions such as the 2007 Food 
waste Reduction act, successfully resulting in reduced food service pollution, the creation of a 
market for recyclable food-ware, the ban of Styrofoam and polystyrene foams as well as non-
compostable bags, and reduced packaging and consumption of carbon-intensive products. The 
city also plans to expand the tree canopy from 13% to 25% cover, in order to moderate the urban 
heat island effect through natural vegetation. 

The entire state of California, and especially the San Francisco Bay Area, additionally benefit 
from the technology hub in Silicon Valley. Many of the Valley’s biggest companies are also 
leaders within their respective industries, which set examples for the execution of sustainable 
business practices. Apple Inc., which aims for 100% renewable energy sourcing, has been able to 
cut its scope 1 and 2 emissions in the past 5 years by 65%; Facebook, which has a 50% 
renewable goal by 2018 with a 100% goal following thereafter; provide two such examples. 
Apple is largely investing in solar panels and is sustainably sourcing purchases of materials, such 
as purchasing aluminum for the iPhone casings which was smelted using hydroelectricity. 
Facebook already has two of their seven data centers powered entirely by wind energy 
[Facebook, 2015; Apple Inc., 2016]. 

San Diego Despite the geographic as well as ideological differences throughout the state, 
southern California’s policies and approaches for addressing climate change often mirror the 
attitudes of their northern neighbors. Significantly larger than San Francisco in land and 
population size, San Diego’s 1990 baseline emissions were 12.98 MMTCO2e. Its climate action 
plans call for a 2030 emissions goal of 7.79 MMTCO2e, and a 2050 goal of 2.6 MMTCO2e (40% 
and 80% respectively reductions from 1990 levels) [City of San Diego, 2016]. 

 Southern California, with its semi-arid climate and high levels of sunshine, is an ideal location 
for photovoltaics (PV) and advanced solar energy projects. One of the nation’s largest solar 
installations and still expanding; Borrego Springs (70 km east of San Diego) houses a solar 
powered micro grid which not only powers its entire community, but allows for power continuity 
during maintenance periods of some of San Diego County’s other electricity sources, while 
contributing to growing wind and solar markets. San Diego Gas and Electric (SDG&E), a 
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subsidiary of Sempra Energy, has been named the number one utility in America for renewable 
energy sales, and is the first investor-owned utility in California to transition to new private solar 
program after meeting previous program limits. In 2011, SDG&E produced 42% of its electricity 
from carbon-free sources, a mixture of renewables and nuclear. Additionally, its support of 
Community Choice Aggregation (CCA) demonstrates the consumer driven shift in demand 
toward renewable energy sources occurring in the region. 

Sweden: Scandinavia experiences some of the most extreme temperature disparities with 
seasonal change, and as a result presents some of the highest per capita energy demand in the 
world. Environmental concerns for Sweden specifically include increased and more severe 
floods, landslides and coastal erosion given expected sea level rise, as well as negative impacts 
on water quality in lakes which could affect drinking water supply, and heat waves which result 
in numerous negative health impacts. According to the Swedish Energy Agency [2015], 
Sweden’s GHG emissions have already been significantly reduced from the 1990 level, from 
71.9 MMTCO2e, to the 2014 level of 54.3 MMTCO2e, almost 24% reduction. Also, published on 
the national website, Sweden.se, a study by the Swedish National Institute of Economic Research 
is reported to have assessed that Sweden can meet its 40% reduction goal for the year 2020, and 
the ultimate goal of neutrality for the whole country by 2050, with some additional measures to 
those already in place [Sweden.se, 2016]. 

Historically, Sweden was the first country in the world to establish an Environmental Protection 
Agency (EPA) in 1967, and hosted the first UN conference on the environment which led to the 
establishment of the United Nations Environmental Programme (UNEP). As part of the 
European Union (EU), Sweden takes part in the EU’s Emissions trading system (ETS), the only 
such system in the world larger than that in the state of California [Brown et. al 2012]. The 
current electricity mix in Sweden consists of 83% electricity that is nuclear and hydroelectric, 
10% combined heat and power (CHP), and 7% wind. Additionally, 52% of energy production is 
renewable (95% of which comes from hydropower). Sweden has had a joint social democrat and 
green party government since 2014; however, tax reliefs to power intensive industries for taking 
steps to reduce energy have already been offered since 2005. There has been a carbon tax on oils 
and natural gas since 1995, and supports for early stage start-ups are available from the Swedish 
Energy Agency. Furthermore, two of Sweden’s most recognizable businesses, Volvo and IKEA, 
are among the Swedish industries taking steps toward sustainability and corporate responsibility. 
Volvo has committed to the delivery of at least one million electric vehicles, as well as entirely 
climate neutral operations, by the year 2025. Concurrently, the IKEA group became a founding 
partner of the RE100 campaign, a campaign from The Climate Group and Carbon Disclosure 
Project (CDP) for businesses committed to achieving 100% renewable electricity from a mix of 
sources and technologies. 

Stockholm: Sweden’s capital city hosts a combination of climate change mitigation strategies 
emphasizing energy efficiency, public transportation, waste management, and community 
involvement. Stockholm has been able to reduce its carbon emissions by 25% per resident since 
1990, and aims to be effectively fossil fuel free by 2040. Stockholm’s first Climate Action Plan 
was adopted in 1998, and the city is now in its fourth installment. Heating solutions are 
responsible for the largest proportion of the city’s GHG reductions thus far. Stockholm switched 
to centralized heating and cooling for apartment blocks so that the central plant can more easily 
be advanced to cleaner forms of fuel and power and heat co-generation. These steps have saved 
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around 500,000 MMTCO2e as a result. Additional switches from oil heating to heat pumps saved 
another 300,000 MMTCO2e. The city also has more unique projects like the “passive heating” 
and geothermal systems at its Central Station, which capture body heat from commuters during 
the day, and through a heat regulator and water system, pump that heat into the nearby office 
building [Sweden.se, 2016]. The successes of these measures lie in the complete integration or 
replacement in the city infrastructure which is in place. Other significant emissions reductions 
have resulted from increased “green” cars, saving about 80,000 MMTCO2e, and transitioning 
diesel buses to renewable forms of public transportation, saving around 10,000 MMTCO2e. 
Within Stockholm there are even smaller scale neighborhoods providing examples of smart, 
sustainable urban planning; Hammarby Sjöstad, a former industrial area, now houses smart 
electric grids, civic design for public transportation and bicycles, and a highly efficient waste 
management system. 

3.2 Universities 

University of California System The University of California is one of the largest public research 
university systems in the world attempting to reach carbon neutrality. Even before reaching this 
goal for 2025, each of the ten individual campuses in the state is additionally striving to reduce 
their individual GHG emissions to the 1990 baselines before the year 2020. These campuses now 
serve as living laboratories for new and innovative solutions for reducing emissions and 
subsequently combating climate change. The San Diego campus operates the largest micro-grid 
for a university, meeting 95% of their power needs. Creative projects extend beyond testing 
technologies and green building measures, to studies and analysis tools, like the Climate and 
Energy Study from UC Santa Cruz, which incorporated a climate centric techno-economic 
analysis tool designed to analyze various scenarios for development, project implementation, 
technology application, and policy updates. By sharing tools like these, the universities can 
identify practical but efficient methods for achieving carbon neutrality by 2025, as well as 
manage compliance costs. Scientists across the UC campuses came together as a working group, 
coined “the UC50”, for collaborating on a report titled: “Bending the Curve Report: 10 Scalable 
Solutions for Carbon Neutrality and Climate Stability” (Ramanathan et al, 2015). This report 
outlined generalized solutions for climate mitigation. 

The UC-wide 1990 baseline emissions are calculated to have been 1.25 MMTCO2e, while the 
2014 levels were 1.56 MMTCO2e. As such, the goal for 2020 is to return to the 1990 baseline 
and continue toward the 2025 goal of carbon neutrality (for emissions scopes 1 and 2) 
[University of California Annual Report on Sustainable Practices.  (2015); Janicka Mcfeely, 
personal communication, UC Office of the President, August 11, and 16, 2016; Lifang Chiang, 
personal communication, UC Office of the President, July 24, 2016]. This would result in final 
emissions levels remaining around .4 MMTCO2e (scope 3) for the entire UC system. Previous, 
and current projects, are detailed in Table 2, including LEED (Leadership in Energy and 
Environmental Design) certifications per campus. There are many such examples in the world 
and these illustrate that universities can provide creativity, collaboration, commitment, and 
innovation, for seeing solutions to the climate change problem.  

Swedish Universities Individually, a number of Swedish Universities have contributed to the 
efforts to mitigate the national carbon footprint. The Chalmers University of Technology (among 
other international universities such as the Massachusetts Institute of Technology (MIT), ETH 
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Zurich, and the University of Tokyo) has initiated substantial research and development on 
environmental science and sustainability measures. The Royal Institute of Technology (KTH) 
also boasts significant investments in sustainable development, while the University of 
Gothenburg has previously been recognized by the International Sustainable Campus Network 
(ISCN) with awards for its campus and building designs, and is in the process of developing their 
climate action plan for the coming three years. [Eddi Omrcen, personal communication, 
University of Gothenburg, August 11, 2016]. These Swedish universities do not currently have 
set goals for achieving carbon neutrality, but continue to make progress towards lowering 
emissions and sustainable development. 

3.3 Businesses  

Despite some efforts for regulation, businesses often contribute significantly to city and global 
emissions. Corporations expanding to keep up with population growth and the 20th century 
consumer culture have become increasingly high emitters and provide an opportunity for 
significant mitigation. Many businesses are rising to the challenge, as is shown in Figure 4.  

Like cities, most businesses only have rough estimates, if any, for their scope 3 emissions. In 
their case, scope 3 refers to emissions indirectly caused by their activities, such as through 
transportation, production of purchased materials and fuels, etc. However, scope 1&2 encompass 
all direct GHG emissions, and indirect emissions which come from the consumption of 
electricity, heat, or steam, and are generally well accounted for and reported. Regardless of 
industry, the quandary today lies in satisfying increasing demand while reducing impact. All 
sixty-three businesses we examined have pledged to reduce emissions or increase their 
renewable energy sources, while some are even intending on climate neutrality by reducing 
emissions and completely offsetting the remaining. Ten of our sixty-three businesses are already 
carbon neutral (scope 1&2) due to the balance of efficiency, renewables, and offsets. Another 
seven have committed to future carbon neutrality (scope 1&2) by 2050. Cox Enterprises is the 
eighteenth business which has pledged future carbon neutrality, however does not release their 
emissions data to the public, so they are not included in our calculated estimates of impact. The 
seventeen businesses which do release their data have combined current emissions (using levels 
from 2014-2016) of 51.37 MMTCO2e, which will be further reduced and offset, ranging from 
5% in the next year, to 100% as soon as 2020. Adidas is also not included because, as of yet, 
their target date for neutrality is unspecified. Our choice of companies attempted to find a range 
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of business sectors from across the globe with comprehensive documentation of future targets 
and action plans. 
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Figure 4: The sixty-three businesses with reported GHG mitigation goals. *BMW reductions reference 
vehicle emissions only, not facilities **LG Electronics reductions are for United States divisions only. 

Nike, Inc., Headquartered in Oregon, USA, is one of a handful of businesses which has 
expressed a carbon neutrality goal. However, it changed its position around the same time its 
goals were to be met- 2012/13. Instead of achieving carbon neutrality through the purchase of 
offsets, which is controversial, Nike has since focused on reducing its supply chain emissions 
(scope 3) [Nike Inc., 2016]. It is their stance that sustainability and business growth will 
complement one another as the world shifts toward a low-carbon economy.  

La Poste is a French postal delivery company for which all products and services of mail, 
parcels, and service, have been carbon neutral since 2012. They strictly monitor their emissions 
levels, especially in transportation, and purchase offsets accordingly, both in France and in 
developing countries [La Poste, 2016]. They market their carbon neutrality to consumers 
directly, which indicates that motivations may have been, in part, consumer driven.  

The automotive industry is obviously a large source of pollution, both through the use and 
production of their vehicles. Germany’s BMW has goals of cutting its vehicle emissions by 50%, 
and converting their facilities to 100% renewable energy by 2020. The heating of the Styr/AT 
plant already has 50% of its heat coming from a carbon neutral method of wood chip combustion 
[BMW Group, 2016]. Sweden’s Volvo has an ambitious plan to achieve carbon neutrality in all 
of its manufacturing operations, as well as producing one million electric vehicles by 2025.  
Their current energy mix comes from natural gas, liquefied petroleum gas, diesel oil, and petrol; 
however, they are working to shift all of the liquid petroleum gas usage to biogas or natural gas. 
Volvo is also investing in and purchasing a multitude of renewable energies from solar, wind, 
biomass/biogas, geothermal, hydropower, heat pumps, and waste heat. Their reports state that 
sustainability and corporate responsibility are considered prerequisites to a successful business. 
[Volvo Car Groupe, 2015]. 

Infosys, Google, Microsoft, Adobe, and Telenet Group Holding, are all businesses in the IT 
sector which are close to, or have already achieved, carbon neutrality. Google was the first to do 
so, since 2007, by renovating their data centers and campus to be energy efficient, recycling 
100% of their electronic equipment, and offering biodiesel shuttles to employees to cut 
transportation emissions. Google is currently the largest non-utility purchaser of renewable 
energy in the world; 2.5 Gigawatts. Their Mountain View, California headquarters also house a 
1.9 MW solar panel installation [Google, 2016]. Like La Poste, they actively promote their 
environmentally conscious platform to consumers. Offsetting projects have also included landfill 
gas projects in North Carolina and New York, as well as animal-waste management systems in 
Mexico and Brazil. New Mexico based Microsoft became carbon neutral in 2012 by 
implementing an internal carbon fee to both incentivize and support green power innovation. The 
energy cost savings have amounted to over $10 million per year, and are used to purchase 
renewable power, increasingly wind, hydropower, and solar. Microsoft is also working on its 
own innovative projects, such as developing fuel cell technologies, and investing in biomass, 
geothermal, hydropower, landfill gas, and wind energy to offset emissions [Microsoft, 2015]. 
The company is looking to be a leader in sustainability and even provide a guide for other 
businesses to customize their internal carbon fee model. San Jose’s Adobe reached neutrality the 
following year, through power purchasing agreements, because they believe in a ripple effect of 
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benefits from climate through the economy and human health [Adobe, 2015]. Outside of the 
United states, Belgium’s Telenet Group Holding is the most recent to achieve carbon neutrality 
in 2015, by pairing emissions reductions with solar panels, improved efficiency, and offsetting 
the remaining, primarily through forest replantation. They believe in a global shift in the 
economy and consumer expectations will reflect the need to preserve the planet and its 
increasingly sparse resources [Telenet, 2014]. Lastly, India’s Infosys is aiming for carbon 
neutrality in 2018. They will achieve 100% renewable energy both by purchasing off grid and 
on-site technology, particularly solar including a 50 MW solar park. Additionally, the IT 
Company invests in projects such as smoke-free kitchens fueled by biogas, and is working to 
achieve zero waste to landfills, as well as biogas organic waste converters [Infosys, 2016].  

In financial services, banking, and insurance, five of our selected businesses have already 
achieved carbon neutrality: Swiss Re, HSBC, Nedbank, Westpac Banking, and Goldman Sachs. 
Based in Zurich, Switzerland, Swiss Re achieved carbon neutrality in 2003 by cutting emission 
by 49% per employee and offsetting the remaining through purchase of emission reduction 
certificates. They state environmental conscientiousness is an inherent part of being a responsible 
business, and as insurance requires the management of risks and damages, it is a natural part of 
their work. Swiss Re has conducted studies on the economics of climate change adaptation. It is 
working to expand protections from natural catastrophes, and has implemented COyou2; a 
program which subsidizes emission cutting investments of its employees, such as the purchase of 
efficient household appliances, alternate and public transportation, and solar panel installation. 
Currently 87% of its energy is renewable, from wind farms, solar, and biogas digesters [Swiss 
Re, 2016]. In 2005, the British bank HSBC also became carbon neutral, stating that climate 
change is the single largest environmental threat, and that financial institutions play an important 
role in the shift to cleaner energy, thus they hope to inspire others to follow their lead. It was the 
first carbon neutral bank, and has reduced emissions through efficient building design, in 
addition to wind and solar installations, while offsetting the remaining in wind farms, methane 
capture to produce energy from waste, composting projects, and biomass cogeneration [HSBC, 
2015]. In 2010, Nedbank became the first bank in South Africa, as well as the continent, to go 
carbon neutral.  Its location was the push driving their efforts, as Africa stands to be greatly 
affected by climate change. Aside from minimizing emissions and waste, and installing 
renewable energy, their offsetting projects include forest rehabilitation, composting, water 
filtration, and recycling initiatives [Nedbank Group, 2014]. Many of these businesses, including 
Australia’s Westpac banking, have echoed the sentiment that climate change will inevitably 
impact their clients, and thus their businesses, and as such they should be addressed. Westpac, 
which went carbon neutral in 2013, says it did so to better their reputation and relationships in 
the community, with $6 billion of investments in Green Tech and the environmental services 
sector [Westpac Group, 2015]. Lastly, Goldman Sachs, based in New York, achieved neutrality 
in 2015, and has invested $60 billion in clean energy since 2006 [Goldman Sachs, 2016]. They 
believe the key role of the financial sector is to infuse capital into low-carbon solutions, such as 
renewables.  

4. Scaling up Living Laboratories: A Proposal 

The analyses thus far reveal that technologies as well as policy instruments adopted by the living 
laboratories can be scaled to the rest of the world. This claim is based on the fact that the scales 
of the living laboratories range from individual universities, small cities or industries, mega cities 
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to mega industries, extending all the way to an entire state (California) and an entire nation 
(Sweden).  However, it is simply not a question of just scaling the technology through a top-
down command and control policy. Support from the public willing to uphold the policies and to 
change behavior is paramount. In addition, it requires market mechanisms and other agents of 
change, as described in the Bending the Curve report (Ramanathan et al, 2015) mentioned 
earlier.  This report proposed Ten Solutions (Figure 5) under 6 broad clusters of action topics: 
Science (solutions 1), Societal Transformation (solutions 2, 3), Governance (solution 4), Market 
Incentives and regulations (solutions 5, 6), Technology measures (solutions 7, 8, 9), and Natural 
and Managed Ecosystems (solution 10).  

 

Figure 5: Ten Solutions to Bend the Curve and Limit Warming to under 20C; Adapted from Ramanathan 
et al, 2016.  

10 Solutions 

In what follows, we describe a summary of the 10 solutions. 

1. Bend the warming curve immediately and sustainably, by reducing SLCPs and by 
replacing current fossil-fueled energy systems with carbon neutral technologies.  

2. Foster a global culture of climate action through coordinated public communication and 
 education at local to global scales. Combine technology and policy solutions with 
 innovative approaches to changing social attitudes and behavior. 
 
3. Deepen the global culture of climate collaboration by designing venues where 
 stakeholders, community and religious leaders converge around concrete problems 
 with researchers and scholars from all academic disciplines, with the overall goal of 
 initiating collaborative actions to mitigate climate disruption. 
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4. Scale up subnational models of governance and collaboration around the world to 
 embolden and energize national and international action. 

5. Adopt market-based instruments to create efficient incentives for businesses and 
 individuals to reduce CO2 emissions. These can include cap and trade or carbon pricing 
 and should employ mechanisms to contain costs.  

6. Narrowly target direct regulatory measures — such as rebates and efficiency and 
 renewable energy portfolio standards — at high emissions sectors not covered by market-
 based policies.  

7. Promote immediate widespread use of mature technologies such as photovoltaics,  wind 
 turbines, battery and hydrogen fuel cell electric light-duty vehicles, and more 
 efficient end-use devices, especially in lighting, air conditioning, appliances and 
 industrial processes.  

8. Aggressively support and promote innovations to accelerate the complete  electrification 
 of energy and transportation systems and improve building efficiency.  

9. Immediately make maximum use of available technologies, combined with regulations, 
to reduce methane emissions by 50% and black carbon emissions by 90%. The required 
technology measures are listed in Table 3. Additionally, phase out hydrofluorocarbons 
(HFCs) by 2030 by amending the Montreal Protocol.  

10. Regenerate damaged and natural ecosystems and restore soil organic carbon to sequester
 atmospheric CO2 and reduce CO2 emissions from deforestation and open burning. 

These categories all intersect in a municipality through the interactions of its citizens with the 
government, environment, and one another.  In the next three sub-sections, we use the two case 
studies (California and Sweden) to show how, the under 20C living laboratories action plans can 
be organized under the ten solutions. Examples of the ten solutions from California and Sweden 
have been compiled in Table 4.  
 
4.1 Science and Technology (1, 7, 8, 9)  
 
There are renewable energy and other green technologies being employed across a number of 
sectors in both Sweden and California, as listed in Table 5 Many of these have been 
implemented for some time, while others are still in development or continuing to evolve. These 
can provide possible solutions for other cities and states to emulate or apply themselves. 
 
In addition to the strategies targeting CO2, there are also increasingly more attempts to address 
and mitigate short-lived climate pollutants (Table 3). One of California’s five pillars of focus in 
their environmental strategy is the targeting of SLCPs through stringent regulations. The state’s 
bill SB-1383 targets drastic reductions in methane, black carbon, and HFCs. SB-1383 targets 
40% reduction in methane emissions and HFCs by 2030 along with a 50% reduction in black 
carbon. Through SB-1383, California has set the highest restrictions on SLCPs within the United 
States. If the same restrictions were adopted worldwide, the projected warming from now until 
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2050 can reduce by 0.6C, equal to a 50% reduction in the projected warming (Ramanathan et. l, 
2015). California has an allocation of $3.9 billion for the California Environmental Protection 
Agency (CalEPA) to invest in its pillar strategies, while Sweden allocates 3.3% of its GDP for 
research and development into sustainable solutions. Independent research institutions, such as 
the Stockholm Environmental Institute, are also actively exploring green technologies; 
specifically, biofuels, smart grids, and carbon capture and storage. 
 
Solar and Wind: Conversion to electrification of many of the energy demand systems has the 
potential to vastly further improve efficiency, as electricity is significantly more efficient than 
internal combustion. Renewable electricity sources like solar and wind are also becoming 
increasingly more efficient and cost competitive over time, making them more economically 
appealing.  Existing policies for California will increase renewable-based electricity to 33 
percent by 2020. The shutdown of California’s San Onofre Nuclear Generating Station in 2012 
and the continuing decline in hydropower due to drought has now been offset by increases in 
wind, solar, and natural gas. Solar generation doubled in the state in 2013-2014, and rooftop PV 
increased by 39%. The greatest critique of solar and wind power generation stems from their 
intermittency, which can be addressed through the incorporation of advances in energy storage 
and infrastructure, as well as smart energy grids. As Sweden’s renewable energy portfolio 
continues to grow toward their ultimate 100% goal, the Swedish Energy Agency continues to 
fund research into expanding solar and the potential for offshore wind.  

Electric Vehicles: Another example of the interplay of industry and governance can be seen in 
the regulations and standards for fuel efficiency and electric vehicles. California specifically 
focuses on hybrids and fuel cell technologies, as well as light-weight, high-strength materials, 
and turbo-chargers for gas powered vehicles. There are several businesses and organizations in 
the state currently working on improving transportation emissions, including Institutes of 
Transportation Studies within the University of California System. California also benefits from 
the aerospace, engineering, and technology companies in Silicon Valley, such as Intel’s 
contributions to the advancement of electric and hybrid vehicles through the improvement of 
semiconductors [Peak et al. 2004].  

4.2 Societal Transformation (2, 3)  

Top-down influences play a vital role in structuring changes to societal behaviors and way of 
life; however, bottom-up actions provide real movements and shifts. In Sweden, each 
municipality has an energy advisor (290 advisors nation-wide) providing assistance to 
homeowners seeking to reduce their impacts and energy usage. Some districts or neighborhoods 
are building smart consumption monitoring systems so that residents can track and monitor their 
own environmental impact, or implementing Echolog terminals which directly display their 
electricity, heat, and water consumption. Increasing numbers of individuals are also taking up 
private beekeeping, while urban farming in community plots has grown into an organization of 
over 25,000 members. In California, urban gardening is also being promoted, while land-use 
planning and carbon sequestration is garnering more attention.  

Public Transportation: California’s current policies focus on zero and near-zero technologies for 
freight, expanding high-speed rail, and developing Sustainable Community Strategies (SCSs). 
SCSs link land-use, transportation, and climate policy with the aim of reducing GHGs and 
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subsequently improving air quality, broadening transportation and investment specifically in 
disadvantaged communities, and reducing negative health effects from polluted air. The entire 
subway system in California is planned to go carbon-free. The Swedish government-owned train 
operator, SJ Trains, already currently runs on 100% renewable electricity (specifically 
hydropower and wind). Sweden has also had great success in the promotion of multimodal 
public transportation, especially by incorporating bike friendly infrastructure into city planning. 
Public transportation is well organized to link regional and local transit, and subsidized, while 
providing an example of social and cultural influences on means of transportation and lifestyle. 

Educating Climate Warriors:  The UC system has started an effort to teach Climate Solutions for 
undergraduate students using living laboratories to energize the younger generations to take up 
climate solutions. The climate solutions course is being developed such that it can be scaled up 
to students from around the world with the ultimate goal of creating one million climate warriors.  
This concept should be extended to K-12 education to instill a respect for nature in children from 
the beginning. 

Forming Alliance with inter-faith religious leaders: Inaction to limit climate change has caused 
the problem to become a huge moral and ethical issue; disproportionately affecting billions of 
poor and vulnerable, as well as future generations. In order to get massive public support for 
actions to limit climate change, scientists and policy makers should align with faith leaders to 
bring up climate change and the need to take drastic actions to protect the poor and the unborn. 
Pope Francis’ (2015) climate change encyclical titled Laudato Si (Our Common Home) is an 
excellent example of yet another living laboratory involving faith leaders.  

4.3 Governance, Market Incentives & Regulations (4, 5, 6)  

At the heart of all the climate actions reported in this paper are commitments or agreements 
through international pacts and organizations. These partnerships were developed to hold one 
another accountable, to unite against a common cause, and to provide pathways for sharing 
methodologies and successes. Programs such as the Compact of Mayors and the C40 Alliance 
have allowed municipalities to come together to share their expertise, their burdens, and their 
responsibility. World leaders continue to meet at conferences like COP21 in Paris, and create 
alliances like the under2 MOU because motivation comes where there is partnership. 

Within their respective regions, regulations for energy efficiency, ZEVs and low-carbon fuels, as 
well as percentages of renewable energies, play on the interconnectivity of government and 
industry. Tough regulations can push and advance technologies to catch up, and vice versa; each 
holding the other to progressively higher standards. Where industry is incorporated, so too are 
economies and markets, in which government can intervene through carbon taxes or cap and 
trade emissions trading systems; these compensate for the costly externalities arising from fossil 
fuel consumption, thus allowing the natural market forces to reduce fossil fuel demand 
[European Union, 2013]. Both Sweden and California take part in such systems, while Sweden 
additionally has an Electricity Certificate System in place: a market-based support system aiming 
to increase production of renewable electricity and make the cost more efficient. Sweden’s 
carbon tax is among the highest in the world, at $150/ ton, however, it only covers about 50% of 
total emissions (CTC, 2015). California, on the other hand, has created a GHG reduction Fund 
with some of the proceeds from their cap and trade system assigned to reducing environmental 
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injustice. AB 32 requires disadvantaged communities to receive 10% of the funds from the Cap 
and Trade permit auctions since individuals with lower socioeconomic status are 
disproportionately affected by the negative impacts of climate disruption [Rechtschaffen, 2016]. 
California’s Cap and Trade system is currently linked to Quebec’s, and based on the 
Under2MOU, has collaborative agreements with Shenzhen, China to aid in their ETS 
development [ARB, 2013]. Shenzhen’s current carbon price is relatively low, at $5.46/ton. 
[ICAP, 2016]. 

Other regions which have instituted carbon price market mechanisms are New Zealand, Finland, 
Ireland, and British Colombia. Their carbon taxes range from just over $10 per ton to about $20, 
increasing over time (CTC, 2015).  

 
Figure 6:  Dependence of GHG emissions on population (Fig. 6a), GDP (Fig. 6b), and GDP per capita 
(Fig. 6c). Figure 6b is plotted in logarithmic scale. The plots contain data for the most recent years (2014-
2016) for 49 of the 52 selected cities, which allow for public access to the data.  
 
Economic and demographic factors can play a critical role in designing solution strategies. The 
wide spread nature of the economics and demographics of the cities included in this study are 
illustrated in Figs 6a, 6b and 6c. According to the self-reported data provided by these cities, 
GHG emissions depend almost linearly on the population size (Fig. 6a). On the other hand GHG 
emissions displayed a power law dependence on GDP and hence in Fig. 6b, we plot the GHG 

 

6a 6b 

6c 
 
 



 

 21 

emissions against the log (natural log) of GDP. There is considerable scatter of the data in both 
Figs 6a and 6b, which is also expected since the GHG emissions depend on socio-economic 
factors and the nature of the sectors dominating the economy (e.g., agriculture or manufacturing 
or high-tech industries).  In order to bend the curve and achieve carbon neutrality, we have to 
decouple emissions of GHGs from population size or the GDP. Indeed, as shown next, this 
decoupling is already happening in some jurisdictions due to aggressive mitigation polices. Fig 
6c, illustrates an interesting characteristic.  There are two clusters: For GDP/Capita less than 
$300,000/Capita, the GHG emissions range from one to 70 MMTCO2e /year while for 
GDP/Capita greater than 300,000/Capita the emissions do not exceed 10 MMTCO2e /year. Most 
likely this is due to the fact that cities with larger per capita have less of the polluting sectors 
such as manufacturing, power generation and more of sectors such as banking and internet-
technologies, among others. An additional graph of GDP per capita versus GHG per capita is 
shown in the supplementary Graph 6d. 
 
Economists often express concern that investment in climate change mitigation or sustainable 
technologies will have a negative effect on the national and global economies. There is evidence 
to the contrary in California and Sweden. Sweden has accomplished what they call a complete 
decoupling of GHG emissions and economic growth, measured either by gross national income 
(GNI) or gross domestic product (GDP). Between 1990 and 2013 Sweden’s emissions have 
fallen 22% while GDP has grown 58%, in part due to its high carbon tax [Sweden.se, 2016]. 
California’s Under2 MOU appendix submitted in 2015 also reports GDP rising by 5% over the 
preceding five years while emissions fell [California Overview, 2015]. The growth trends over 
the years 2000 through 2014 of California’s and Sweden’s GDPs, alongside their reductions in 
CO2e, can be seen in Figure 7. 

 
Figure 7: The graph displays the trends of GDP and CO2e emissions relative to the year 2000 for both 
Sweden and California. Data from the California Air Resources Board, Statistics Sweden, and Swedish 
Environmental Protection Agency [Anny Huang, personal communication, California Air Resources 
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Board, September 29, 2016; Thomas Sundqvist, personal communication, Swedish Environmental 
Protection Agency, October 20, 2016] 
 
As seen in the supplementary business data, (Tables S2 and S3) businesses and industries can 
also contribute significantly to emissions output and reductions. In the stock market, the Dow 
Jones additionally releases a Sustainability Index (DJSI) with annually identified industry 
leaders, aiding investors looking to place capital in environmentally conscious businesses.  

4.4 Ecosystem Management (10) 

Ultimately, we may have to extract the CO2 that is already in the air to limit warming to well 
below 20C (IPCC-AR5, 2014).  We can drastically reduce the 7 billion tons of annual emissions 
resulting from land use practices (e.g. deforestation); In addition, as much as 10 billion tons of 
CO2 per year can be drawn down with afforestation, agro-urban forestry, soil carbon 
management, bio-char and other practices (IPCC-AR5; Ramanathan et al, 2015). 

The newly developing California Forest plan and Scoping plan have objectives which include 
increased protection of land to preserve carbon sequestration and furthered urban greening [Air 
Resources Board, 2016]. Local actions such as these are crucial all around the world, generally 
more cost-efficient, more effective, and ultimately provide more co-benefits. 

Waste: The case studies of Sweden and California described here provide examples of effective 
waste management. San Francisco attained an 80% waste diversion rate in 2010, the highest of 
any city in North America, aiding in the reduction of GHGs from landfills by nearly 50% with 
respect to 1990 levels. The city’s reuse, recycle, and compost campaign additionally contributes 
to the zero waste to landfills goal by the year 2020, largely through a mandatory recycling and 
composting ordinance passed in 2009. A future project to further advance the city is a zero-waste 
facility which utilizes anaerobic digestion of food-rich material to produce biogas for fueling 
waste collection fleets and buildings. The city of Växjö in Sweden also proves how tight local 
cycling of resources can benefit a community’s energy usage, with 90% of their energy and 
almost half of their electricity being derived from the scraps and saw dust from local timber 
industry. Stockholm has implemented such a concept, in which its collection of about 993,000kg 
food waste per month is then turned into 115,000m3 of biogas for their buses and taxis.  

As estimated by UN’s Food and Agriculture Organization (FAO, 2013), approximately one third 
of all the food that is produced is thrown away. The global carbon footprint of the food produced 
and not eaten is about 3.3 Gt CO2e Yr-1 [FAO, 2013] which is about 7% of the global CO2e 
emissions of 48 Gt CO2e Yr-1.  This carbon footprint of 3.3 Gt CO2e Yr-1 is the CO2, N2O and 
methane emitted in the production, transport, and distribution of the food, but does not include 
the methane released when the wasted food is discarded to the landfill. Sweden and California 
both boast high recycling rates, with Sweden reporting only 1% of household waste going to a 
landfill dump. Recycling stations are no more than 300m from residential areas throughout the 
country.  The Västra hamnen (west harbor) neighborhood in the city of Malmö has even 
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executed a vacuum suction system which transports waste directly underground from buildings 
and residences which is then converted to fuel/biogas.  

5. Conclusions 

We analyzed the mitigation goals and strategies of fifty-two cities, ranging from populations of 
under 100,000 to over 13 million, and sixty-three businesses, five of which are energy or utility 
companies, nineteen of which are in the technology industry, and thirty-eight of which are in 
manufacturing, pharmaceuticals, and consumer goods and services. Of the businesses examined, 
fifty-five have set emission reduction or carbon neutrality goals, and all but one have calculated 
and released estimates of their emissions inventories. Four mega IT companies have already 
achieved neutrality, at least eighteen businesses will be carbon neutral by 2050, and twelve 
additional businesses will reduce their emissions by at least 50%. California and Sweden have 
also proven that emissions reductions do not have negative impacts on economic growth. In fact, 
both jurisdictions show rising GDP alongside declining CO2 e emissions. Between 2000 and 
2014, both GDPs grew by nearly 30% while Sweden’s emission declined by about 30% and 
California’s by about 5%. In addition, California is the only jurisdiction that has mandated 
reductions of both CO2 and short-lived climate pollutants. 

As previously stated, the fifty-two cities in this study provide the potential for over 400 MMT 
CO2e emissions reductions per year by 2050. Their annual baseline emission of 657 MMTCO2e 
(for the period ranging from 1990 to 2005) will be reduced by 62% to 250 MMTCO2e per year 
(Values in Table S1 in supplementary material). 

Current national commitments under the Paris agreement are a start, but they are insufficient to 
limit global warming below potentially dangerous levels. Cities, businesses, and universities 
such as those analyzed in this paper, provide the living laboratories and testing grounds for 
creative new solutions. The examples described here clearly demonstrate that scalable 
technologies and measures are available now for reductions of about 40% to 50%.  The full 
carbon neutrality goals, however, require new innovations. The eco-system of cities, industries 
and universities striving for carbon neutrality by 2050 will be the testing grounds for incubating 
such innovations.  Scaling-up also requires solutions beyond the technological, and we have 
adopted 10 solutions (from published literature) including 3 devoted to technological solutions.  
Community and policy actions, as well as technologies deployed at the level of a city or a 
business can serve as beacons for national to global scale actions. Cumulatively the actions and 
efforts of these city-level initiatives and businesses categorized under the 10 solutions will create 
the shift/movement necessary for restoring the balance of the Earth system, limiting projected 
warming to well below 20C. 
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Table 1: California’s Climate Change Legislation Adapted from State of California (2016) 
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AB* 4420 28 Sept. 
1998 

California Energy Commission created to inventory GHGs and 
study the effects 

SB** 1771 30 Sept. 
2000 

California Climate Action Registry created to monitor emissions 
and set baselines 

SB 527 11 Oct. 2001 Amended SB 1771 to include requirement of third party 
verification 

AB 1493 22 July. 
2002 

“Pavley Bill” mandated regulations to reduce the emissions from 
passenger vehicles and light-duty trucks as much as possible 

SB 812 7 Sept. 2002 Added forest management/ conservation-management practices 

AB 1803 18 Jul. 2006 GHG inventory transferred to the Air Resources Board 

SB 1 21 Aug. 
2006 

Adoption of Solar Initiative requires municipal utilities to create 
their own solar rebate programs 

SB 107 12 Sept. 
2006 

Mandated increase of renewable electricity sold retail to 
customers from 17% to 20% by December 2010 

AB 32 26 Sept. 
2006 

ARB adopts a statewide GHG limit to the 1990 levels by the 
year 2020 

SB 97 24 Aug. 
2007 

Directs the government office of planning and research to 
develop CEQA guidelines for mitigating GHGs and effects 

AB 118 14 Oct. 2007 Alternative and Renewable Fuel and Vehicle Technology 
Program to fund public projects which advance fuel and vehicle 
types 

SB 375 30 Sept. 
2008 

Sustainable Communities and Climate Protect Act requiring 
regional GHG targets for passenger vehicles established by ARB 

SB X1-2 12 April. 
2011 

Codified the 33% renewable energy by 2020 goal for all 
electricity retailers in the state 

AB 1504 29 Sept. 
2011 

Requires Department of Forestry and Fire Protection, and ARB, 
to assess the capacity of forest and rangeland to meet GHG goals 
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AB 1538 30 Sept. 
2012 

Requires the Greenhouse Gas Reduction Fund to be included in 
the state’s budget 

SB 535 30 Sept. 
2012 

Requires that 25% of funds from the cap and trade program go to 
benefiting disadvantaged communities 

AB1092 29 Sept. 
2013 

Requires the Building Standards Commission to adopt 
mandatory building standards for the installation of future 
electric vehicle charging infrastructure  

AB 8 29 Sept. 
2013 

Extends extra fees on vehicle registrations, boat registrations, 
and tire sales to fund programs that support the production, 
distribution, and sale of alternative fuels and vehicle 
technologies and air emissions reduction efforts 

SB 1204 21 Sept. 
2014 

Creates California Clean Truck, Bus, and Off-Road Vehicle and 
Equipment Technology Program for development of ZEVs and 
near zero truck, bus, and off –road vehicle and equipment tech. 

SB 1275 21 Sept. 
2014 

Establishes state goal of 1 million zero-emission and near-zero-
emission vehicles in service by 2020,  and establishes the Charge 
Ahead California Initiative requiring planning and reporting on 
vehicle incentive programs, and increasing access to and benefits 
from zero-emission vehicles for disadvantaged, low-income, and 
moderate-income communities 

SB 605 21 Sept. 
2014 

Requires ARB to complete a comprehensive strategy to reduce 
emissions of short-lived climate pollutants 

SB 350 7 Oct. 2015 Establishes targets to increase retail sales of renewable electricity 
to 50% by 2030, and double the energy efficiency savings in 
electricity and natural gas end uses by 2030 

SB 32 8 Sept. 2016 Mandates at least 40% GHG reductions from 1990 levels by 
2030. 

SB 1383 19 Sept. 
2016 

Requires a 50% reduction in black carbon and 40%  reduction in 
methane and hydrofluorocarbon from 2013 levels by 2030 

*Assembly Bill, ** Senate Bill 
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Table 2: UC Campus Case Studies 
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UC 
Berkeley 

Demand-response tech (PCS- Personal Comfort System) use low wattage  
devices to warm and cool individuals as opposed to entire floor/building 

CO2 sensor network in Oakland- real time neighborhood by neighborhood  
measurements 

LED Microscope retrofits project 
Berkeley and SF partnership  Electric launching shared bicycles program 
15 LEED certifications (Leadership in Energy and Environmental Design) 

UC Davis 
Recycled water to cool buildings  
22 LEED certifications 
West Village energy efficient building design aiming for carbon neutral 
 Aggie Sol- “net zero home” project 
Food supply chain between the Russell Ranch Sustainable Agriculture 

 Research Facility and campus dining services 
Solar farm 
Smart lighting initiative  
Anaerobic digester converts organic waste to biofuels 

UC Irvine 
Hydrogen Fuel cell bus 
Photovoltaic (PV) canopies over parking generate 3.2 MW 
23 LEED certifications 

UC Los 
Angeles 

Electric Vehicle smart grid 
24 LEED certifications 
Turf replacement and drought-tolerant landscaping  
New bike lanes/infrastructure to encourage alternate modes of transportation 
Subsidies for 6 public transportation systems 

UC Merced 
Solar Initiative HQ – 8.5 Acre PV Array 
Reusable container program tracks reusable containers with student IDs 
Agreement with Zipcar car share program 
17 LEED certifications 

UC 
Riverside 

PV EV charging system  
LED lamp replacements 
Energy efficient freezers in lab 
Partners with UCSC on greenhouse project  
New residential designs to save water use 
6 LEED certifications 

UC San 
Diego 

Micro grid 
50% vehicle fleet uses alternative fuels  
Advancements in EV charging infrastructure 
Solar Power predictability project- fish eye camera technology 
Water Action Plan for drought, includes recycled water cooling and irrigation 
26 LEED certifications- examples include Keeling apartments with living roof 
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UC San 
Francisco 

Discounts to employees for EV and PV 
“Preventing HealthCARE from Becoming HealthHARM” workshop  
Updated medical center AC to efficient electric chiller 
17 LEED certifications 

UC Santa 
Barbara 

Lighting research center 
Efficient water chilling facilities  
Student funded solar PV installation 
62 LEED certifications 

UC Santa 
Cruz 

Greenhouses project with solar panel glass 
Rainwater (and fog condensation) harvesting system for grey water use 
Climate centric techno-economic analysis tool to analyze best methods 
Drought experiment plots 
Program in Community and Agroecology (PICA)- alternative housing  

incorporates organic gardening and composting 
7 LEED certifications 

 

Table 3: Technology measures and other strategies for mitigating SLCPs as adopted by 
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California, Sweden, and the Climate and Clean Air Coalition. Adapted from CCAC (2016) 

SLCPs California Stockholm (Sweden) CCAC 

Methane  Livestock and dairy 
manure management; 
(scrape manure 
management systems, 
solids separation systems, 
and enteric fermentation) 

Biomethane projects 

Reduce Landfill disposal 
of organics/use for biofuel  

[Senate Bill 1383, 2016] 

Low landfill emissions, 
use organic waste to make 
biofuels used primarily for 
public transportation 
(even import waste from 
other countries) 

Improve recoverability 
from oil and gas industries 

Waste management plans 
and projects 

Livestock and manure 
management 

Black 
Carbon 

Diesel Engines  ZEVs, 
hybrids, EV’s, hydrogen 
fuel cell vehicles, 
(alternative forms of 
transportation) 

Diesel engine 
retrofits/filters 

CA freight plan  

Residential Fireplace and 
woodstove conversion 

Diesel engine retrofit/filter 

Alternative vehicles and 
transportation, EVs, 
ZEVs, ethanol/biofuels 
etc. 

Government owned 
freight operator “SJ” run 
on hydropower 

Green freight action and 
Soot-free urban bus fleets, 
Low-sulfur fuels and 
cleaner diesel vehicles 

Dispel tech. and knowledge 
to reduce emissions from 
brick production 

Promote clean cook stoves, 
heat stoves, and fuels 

Ban agricultural waste 
burning 

HFC’s Phase out of ODSs 
(Ozone Depleting 
Substances) and 
CFCsphase out of 
HFCs (replacement of old 
appliances, use natural 
refrigerants where 
possible) 

Advance semiconductors 

Phase out HFCs (prevent 
growth) with alternatives 
in refrigerants and air 
conditioning etc.  

Promote equipment design 
alternatives from high-
GWP HFCs in refrigerants 
and ACs 

 

 

 

Table 4: 10 Solutions in California and Stockholm  
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Solution California Stockholm, Sweden 

1 AB32; SB 32; SB 1383 (see 
Table 1) 

Fossil fuel free by 2040 

2  Advisors to educate/outreach 

3 Under2 MOU Leadership, cap 
and trade linked with Quebec 

Participates in a number of initiatives  
like COM, C40, etc.  

4 Bending the curve  Smaller neighborhoods within cities  

5 Cap and Trade EU Emissions Trading, tax reliefs to 
power intensive industries for energy plans 

6 Rebates and standards for clean 
tech 

Efficiency standards, subsidize public 
transit, Carbon Tax, electricity certificate 

system 

7 Incentives/rebates for solar and 
EV, Renewable portfolio 

Outreach to promote- energy advisors 

8 High speed rail network, 
promotion and incentives for 

ZEVs/EVs goals and mandate, 
grants for charging infrastructure of 
battery and hydrogen fuel cell EVs, 
programs to support near zero and 
zero emission vehicles and fuels  

Multimodal infrastructure to promote 
public transit, most run on renewables or 

biofuels 

9 SB1383  

10 Scoping Plan/ Forest Plan 
incorporate conservation 

management and forestry in carbon 
inventory (sequestration) 

Urban Gardening programs 
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Table 5: Carbon Neutral Technologies in California and Sweden 
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Carbon Neutral Tech 
Solutions 

California Stockholm (Sweden) 

Combustion and Fossil 
Fuels 

Alternative energy sources: 
wind, solar (fish-eye camera 
project to advance 
predictability), geothermal, 
biomass, and hydroelectric 
plants [goal is 50% renewable 
electricity by 2020] 

Flexible energy grids, smart 
grids 

Advancing battery and storage 
technology 

Increased Electrification of 
energy 

Micro grids 

Alternative energy sources: 
wind, solar, hydropower, 
nuclear, cogeneration from 
combined heat and power, 
geothermal, wave power, 
biofuels [Sweden is currently at 
52% renewable energy, goal is 
fossil fuel free by 2050]  

Increased Electrification of 
energy 

Heating Systems: Oil pumps 
converted to heat pumps or 
central heating systems, also 
“passive heating” projects 
utilizing body heat, or aquifer 
thermal energy storage system 
(stores water in summer, heats 
homes in winter, cools in 
summer) 

Industry Fuel switching to alternatives 

Building retrofits/zero-net 
energy buildings 

More efficient heating and 
cooling systems-such as those 
with recycled water or smart 
grid/demand-response 

Smart grid/advanced 
communications 

Transition to alternative fuels 

Heat Recovery technology 

R&D in smart-fuels, carbon 
capture and storage, and smart 
grids 

Residential LED (improved lighting), 
advancement and replacement of 
outdated low-efficiency 
appliances, some green roofs, 
PV 

Smart meters 

Improved efficiency lighting, 
replacing windows , green roofs, 
heating systems, solar cells and 
panels 

 “Echologs” and smart 
consumption monitoring systems 
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Transportation ZEVs, EVs, Hydrogen fuel cell 
vehicles, hybrids (mandates and 
regulation) and more charging 
stations 

Alternative fuels in public 
transportation (hydrogen fuel 
cell, CNG, biofuels) 

Advancements in materials and 
engines of petrol vehicles to use 
less gasoline (fuel efficiency)/ 
upgrading vehicle fleet 

EVs and “green” cars increasing 
(however, infrastructure 
emphasis on multi-modal public 
transit) 

Public transport fossil fuel free 
(biogas and ethanol) 

 

Waste and Landfills Increased collection of gases 
released 

Improved recycling/waste 
diversion rates 

Zero waste facility with 
anaerobic digesters which 
convert food rich waste to 
biofuels  

Efficient recycling (only 1% 
waste to landfill nationally) 

Organic waste converted to 
biofuels for public transportation 

 

Agriculture/ Land-use Forestry and land use 
management and monitoring for 
carbon sequestration 

Utilizing synergies in R&D of 
bioenergy, food crops, water 
system and waste management, 
and product manufacture 

 “Plantagon” vertical 
greenhouses- urban agriculture 
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	Figure 1:  Targets for GHG emissions reductions by region for 2030 [2020-2040] and 2050 [2040-2060] from a baseline year (ranging from 1990-present). The baseline year is not the same for each city. It varies from 1990 to 2012 (see Table S1 in Supplem...
	The fifty-two cities shown in Figure 1 include large metropolises and capital cities, which contribute significantly to their state, and national, emissions. Two such cities, Seoul and Tokyo, are designated megacities: populations exceeding 10 million...
	Figure 2:  Current (2015) emissions and projected emissions for 2030 and 2050 for the 52 cities grouped by continent. Units: MMTCO2e (million megatons carbon dioxide equivalent). The total emissions for the 52 cities are: 618 MMTCO2e for 2015; 442 MMT...
	Figure 2 shows the emissions for 2015 along with the projected emissions for 2030 and 2050, for the fifty-two cities grouped by continent. The data shown in Fig. 2 were estimated as follows: For the year 2015, we estimate the emissions based on the da...
	The stringent search criteria employed in this study limited the number of cities from Asia, Africa, and South America to just 10. Despite this, we see that the emissions from the 5 Asian cities are comparable to the high emission levels of North Amer...
	3. Case Studies
	3.1 California and Sweden
	California: California currently has the world’s sixth largest economy, the United States’ most prominent agricultural and IT industry, and has historically proven to be a leader in mitigation of air pollution, as well as in climate change mitigation ...
	Figure 3: California’s mitigation targets. For GHGs, California’s AB32 law mandates the reductions. This law passed in 2006, uses GHG emissions of 1990 as baseline levels. For Carbon dioxide there is no specific 2030 mandated target or BAU projection;...
	The 40% reductions in GHGs emissions (as in SB32) in principle include the GHGs methane and HFCs, which are also included under SLCPs in SB1383. By targeting methane and HFCs under SB-1383 (the SLCPs emissions), SB 32 can therefore largely focus on CO...
	Interim mandates for statewide renewable electricity sources are to reach 20% by 2017, and 33% by 2020, ensuring that the state remains on track to reach its 50% goal by 2030 [Rechtschaffen, 2016]. The current energy mix includes a large range from hy...
	However, one prerequisite for gaining public confidence is good governance and a history for mandating such aggressive goals; more importantly, a history of success in implementing the goals. California’s history with climate change mitigation legisla...
	The state also relies on aggressive measures adopted by its major cities which are described below.
	San Francisco The city of San Francisco has a 1990 emissions baseline of 6.2 MMTCO2e.  It has set targets for reducing to 3.72 MMTCO2e by 2025, on the path toward a 2050 goal of 1.24 MMTCO2e (an 80% total reduction from the 1990 level) [San Francisco ...
	The entire state of California, and especially the San Francisco Bay Area, additionally benefit from the technology hub in Silicon Valley. Many of the Valley’s biggest companies are also leaders within their respective industries, which set examples f...
	San Diego Despite the geographic as well as ideological differences throughout the state, southern California’s policies and approaches for addressing climate change often mirror the attitudes of their northern neighbors. Significantly larger than San...
	Southern California, with its semi-arid climate and high levels of sunshine, is an ideal location for photovoltaics (PV) and advanced solar energy projects. One of the nation’s largest solar installations and still expanding; Borrego Springs (70 km e...
	Sweden: Scandinavia experiences some of the most extreme temperature disparities with seasonal change, and as a result presents some of the highest per capita energy demand in the world. Environmental concerns for Sweden specifically include increased...
	Historically, Sweden was the first country in the world to establish an Environmental Protection Agency (EPA) in 1967, and hosted the first UN conference on the environment which led to the establishment of the United Nations Environmental Programme (...
	Stockholm: Sweden’s capital city hosts a combination of climate change mitigation strategies emphasizing energy efficiency, public transportation, waste management, and community involvement. Stockholm has been able to reduce its carbon emissions by 2...
	3.2 Universities
	University of California System The University of California is one of the largest public research university systems in the world attempting to reach carbon neutrality. Even before reaching this goal for 2025, each of the ten individual campuses in t...
	The UC-wide 1990 baseline emissions are calculated to have been 1.25 MMTCO2e, while the 2014 levels were 1.56 MMTCO2e. As such, the goal for 2020 is to return to the 1990 baseline and continue toward the 2025 goal of carbon neutrality (for emissions s...
	Swedish Universities Individually, a number of Swedish Universities have contributed to the efforts to mitigate the national carbon footprint. The Chalmers University of Technology (among other international universities such as the Massachusetts Inst...
	3.3 Businesses
	Despite some efforts for regulation, businesses often contribute significantly to city and global emissions. Corporations expanding to keep up with population growth and the 20th century consumer culture have become increasingly high emitters and prov...
	Like cities, most businesses only have rough estimates, if any, for their scope 3 emissions. In their case, scope 3 refers to emissions indirectly caused by their activities, such as through transportation, production of purchased materials and fuels,...
	Figure 4: The sixty-three businesses with reported GHG mitigation goals. *BMW reductions reference vehicle emissions only, not facilities **LG Electronics reductions are for United States divisions only.
	Nike, Inc., Headquartered in Oregon, USA, is one of a handful of businesses which has expressed a carbon neutrality goal. However, it changed its position around the same time its goals were to be met- 2012/13. Instead of achieving carbon neutrality t...
	La Poste is a French postal delivery company for which all products and services of mail, parcels, and service, have been carbon neutral since 2012. They strictly monitor their emissions levels, especially in transportation, and purchase offsets accor...
	The automotive industry is obviously a large source of pollution, both through the use and production of their vehicles. Germany’s BMW has goals of cutting its vehicle emissions by 50%, and converting their facilities to 100% renewable energy by 2020....
	Infosys, Google, Microsoft, Adobe, and Telenet Group Holding, are all businesses in the IT sector which are close to, or have already achieved, carbon neutrality. Google was the first to do so, since 2007, by renovating their data centers and campus t...
	In financial services, banking, and insurance, five of our selected businesses have already achieved carbon neutrality: Swiss Re, HSBC, Nedbank, Westpac Banking, and Goldman Sachs. Based in Zurich, Switzerland, Swiss Re achieved carbon neutrality in 2...
	4. Scaling up Living Laboratories: A Proposal
	The analyses thus far reveal that technologies as well as policy instruments adopted by the living laboratories can be scaled to the rest of the world. This claim is based on the fact that the scales of the living laboratories range from individual un...
	Figure 5: Ten Solutions to Bend the Curve and Limit Warming to under 20C; Adapted from Ramanathan et al, 2016.
	10 Solutions
	In what follows, we describe a summary of the 10 solutions.
	1. Bend the warming curve immediately and sustainably, by reducing SLCPs and by replacing current fossil-fueled energy systems with carbon neutral technologies.
	4. Scale up subnational models of governance and collaboration around the world to  embolden and energize national and international action.
	5. Adopt market-based instruments to create efficient incentives for businesses and  individuals to reduce CO2 emissions. These can include cap and trade or carbon pricing  and should employ mechanisms to contain costs.
	6. Narrowly target direct regulatory measures — such as rebates and efficiency and  renewable energy portfolio standards — at high emissions sectors not covered by market- based policies.
	7. Promote immediate widespread use of mature technologies such as photovoltaics,  wind  turbines, battery and hydrogen fuel cell electric light-duty vehicles, and more  efficient end-use devices, especially in lighting, air conditioning, appliances a...
	8. Aggressively support and promote innovations to accelerate the complete  electrification  of energy and transportation systems and improve building efficiency.
	9. Immediately make maximum use of available technologies, combined with regulations, to reduce methane emissions by 50% and black carbon emissions by 90%. The required technology measures are listed in Table 3. Additionally, phase out hydrofluorocarb...
	10. Regenerate damaged and natural ecosystems and restore soil organic carbon to sequester atmospheric CO2 and reduce CO2 emissions from deforestation and open burning.
	These categories all intersect in a municipality through the interactions of its citizens with the government, environment, and one another.  In the next three sub-sections, we use the two case studies (California and Sweden) to show how, the under 20...
	Electric Vehicles: Another example of the interplay of industry and governance can be seen in the regulations and standards for fuel efficiency and electric vehicles. California specifically focuses on hybrids and fuel cell technologies, as well as li...
	4.2 Societal Transformation (2, 3)
	Top-down influences play a vital role in structuring changes to societal behaviors and way of life; however, bottom-up actions provide real movements and shifts. In Sweden, each municipality has an energy advisor (290 advisors nation-wide) providing a...
	Public Transportation: California’s current policies focus on zero and near-zero technologies for freight, expanding high-speed rail, and developing Sustainable Community Strategies (SCSs). SCSs link land-use, transportation, and climate policy with t...
	Educating Climate Warriors:  The UC system has started an effort to teach Climate Solutions for undergraduate students using living laboratories to energize the younger generations to take up climate solutions. The climate solutions course is being de...
	Forming Alliance with inter-faith religious leaders: Inaction to limit climate change has caused the problem to become a huge moral and ethical issue; disproportionately affecting billions of poor and vulnerable, as well as future generations. In orde...
	4.3 Governance, Market Incentives & Regulations (4, 5, 6)
	At the heart of all the climate actions reported in this paper are commitments or agreements through international pacts and organizations. These partnerships were developed to hold one another accountable, to unite against a common cause, and to prov...
	Within their respective regions, regulations for energy efficiency, ZEVs and low-carbon fuels, as well as percentages of renewable energies, play on the interconnectivity of government and industry. Tough regulations can push and advance technologies ...
	Other regions which have instituted carbon price market mechanisms are New Zealand, Finland, Ireland, and British Colombia. Their carbon taxes range from just over $10 per ton to about $20, increasing over time (CTC, 2015).
	4.4 Ecosystem Management (10)
	Ultimately, we may have to extract the CO2 that is already in the air to limit warming to well below 20C (IPCC-AR5, 2014).  We can drastically reduce the 7 billion tons of annual emissions resulting from land use practices (e.g. deforestation); In add...
	The newly developing California Forest plan and Scoping plan have objectives which include increased protection of land to preserve carbon sequestration and furthered urban greening [Air Resources Board, 2016]. Local actions such as these are crucial ...
	Waste: The case studies of Sweden and California described here provide examples of effective waste management. San Francisco attained an 80% waste diversion rate in 2010, the highest of any city in North America, aiding in the reduction of GHGs from ...
	As estimated by UN’s Food and Agriculture Organization (FAO, 2013), approximately one third of all the food that is produced is thrown away. The global carbon footprint of the food produced and not eaten is about 3.3 Gt CO2e Yr-1 [FAO, 2013] which is ...
	5. Conclusions
	We analyzed the mitigation goals and strategies of fifty-two cities, ranging from populations of under 100,000 to over 13 million, and sixty-three businesses, five of which are energy or utility companies, nineteen of which are in the technology indus...
	As previously stated, the fifty-two cities in this study provide the potential for over 400 MMT CO2e emissions reductions per year by 2050. Their annual baseline emission of 657 MMTCO2e (for the period ranging from 1990 to 2005) will be reduced by 62%...
	Current national commitments under the Paris agreement are a start, but they are insufficient to limit global warming below potentially dangerous levels. Cities, businesses, and universities such as those analyzed in this paper, provide the living lab...
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