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Executive Summary

Human activities have added more than 1.5 trillion metric tons of carbon dioxide to Earth’s
atmosphere since the pre-industrial period, increasing its concentration from below 300 parts per
million (ppm) to over 415 ppm today, and projected to surpass 1,000 ppm before 2100 without
effective action. This anthropogenic change is primarily due to burning fossil fuels, which has
resulted in the observable and ongoing climate change, including global temperature rise, warming
oceans, melting polar ice, glacial retreat, sea level rise, and increased extreme-weather events. Ocean
acidification is another significant global change attributed to increased carbon dioxide levels.

The United Nations Intergovernmental Panel on Climate Change (UN IPCC) assessments have
detailed the wide-ranging damages from climate change and the far-reaching and unprecedented
interventions required to limit them. In 2016, the UN Framework Convention on Climate Change
(FCCC) including 196 of the world’s nations committed to reducing greenhouse gases through the
Paris Agreement. It is imperative that these commitments be adhered to and enhanced in the next
three decades to avoid irreversible damages to Earth’s natural cycles and ecosystems and to mitigate
the threat to human societies.

The adverse impacts of anthropogenic climate change have significant social costs, which will
increase dramatically if immediate action is not taken. These costs include economic damages from
severe weather events and adverse health effects from pollutants generated by burning fossil fuels.
Without immediate action, the projected costs are expected to become so severe as to threaten the
security and well being of large numbers of people around the globe, ultimately leading to the loss of
habitable land. A billion or more people are projected to be impacted in the next 50 years.

Immediate actions that are necessary to avoid the worst damages include termination of fossil fuel
uses and their rapid replacement with carbon-neutral energy sources. Transition to renewable solar
and wind energy which are now economically competitive, and electrification of building and
industrial thermal energy systems are key priorities. In addition, improvements in energy efficiency
and reductions in energy use are urgently needed. Concurrently, careful management of carbon
sequestration assets such as coastal marshes, tropical forests and agricultural lands is essential. In
order to achieve the aspirational goal of net-zero greenhouse gas emissions by 2050 or earlier,
investments in research and development of all promising technologies are urgently needed. As
capture technologies become economically viable, they might support reductions below net-zero in
the future.

An aggressive timeline is essential to avoid the worst damages from climate change that will
otherwise result in the coming decades of the 21st century. Such damages include increasingly more
frequent and destructive weather events, food and water insecurity, and loss of habitats for large
human populations. Urgent responses and actions are needed at the national, regional, and local
levels as well as by institutional and individual leaders and citizens.
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Summary Recommendations

Central to our response to climate change is a pledge to reduce and eliminate fossil fuel use as rapidly as
possible. We need an aggressive timeline to avoid the worst climate change damages, which will otherwise
occur during the 21st century. In addition, we must adapt to the changes already underway and develop the
technologies needed to achieve carbon-neutrality. The following are priorities and actions to effectively

address the challenges of climate change:

Enact Net-zero or Carbon-neutral Legislation. “Carbon-neutral” means no net addition of greenhouse
gases in the atmosphere. The sooner we can achieve this aspirational goal, the less damage we will experience
in the future. Decisive leadership is required on national, international, and regional levels. In addition to
decisive action from our elected leaders, collaboration of ordinary citizens and businesses is needed. We must
commit to cut greenhouse gases by 50% by 2030 and become carbon neutral by 2050 through legislation and
deed. A Climate Action Authority is needed to coordinate climate actions.

Replace Fossil Fuels with Carbon-free Energy. The pathway to the net-zero target begins by replacing
power from fossil-fuel plants with renewable wind and solar power, and rapidly expanding off-shore wind
power capability and solar photovoltaic capability. On-shore wind power and solar installations need to be
expanded through incentivizing these technologies and eliminating subsidies to fossil fuel plants and fossil
fuel producers. Construction of new coal-fired power should be banned in the US and worldwide. As energy
production moves towards greener, renewable sources, the infrastructure supporting energy production and
storage should be developed.

Electrify and Decarbonize Transportation Systems. Expand and expedite the transition to electric-
powered and zero-carbon-fuel vehicles for all weight classes of on-road cars, trucks and buses. The same
technologies can be implemented in off-road, industrial and many marine and heavy equipment applications.

4
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Any remaining non-electric light rail should be electrified. Longer-haul rail can be electrified and/or use low-
carbon biofuels/zero-carbon fuels. In aviation, development should be accelerated for hybrid and electric
aircraft. Longer-distance aircraft can migrate to lower-catbon biofuels/zero-carbon fuels. Ready access to the

appropriate vehicle energy source will be critical to widespread adoption.

Improve Efficiency of Buildings and Communities. Conversion of all building energy systems to zero
carbon is already economically available and should be aggressively implemented. All building energy systems
must undergo full and efficient electrification and building codes need to include cradle-to-grave carbon
emission guidelines. Financial incentives and public outreach should be used to encourage building owners to
increase energy efficiency. City planning must take a holistic and long-term approach. Simulation software is
available to help in designing living, walkable communities. For densely populated areas that often include

commercial and industrial spaces, increased implementation of district energy is highly recommended.

Reform Land Management and Agricultural Practices. With increases in global population, careful
management of land use and agricultural practices is essential. The most critical needs are to reduce
conversion of tropical land for beef and oilseed production. Developed countries must provide resources and
leadership to help offset the burdens to less-developed countries, as well as help provide solutions to land
management and farming challenges. Potential solutions include improved practices that maintain soil health
(regenerative agriculture) and provide sustainable agricultural efficiency, use of ecologically beneficial
alternatives to industrial fertilizers, and managed grazing, as well as exploring new approaches that integrate
trees and farming, such as agroforestry and silvopasture. Tropical countries relying primarily on agriculture
for their economies will require assistance to employ and feed their populations and be assured of fair income
from agricultural exports.

Achieving Net Zero: Carbon Capture and Sequestration. Annual negative emissions are required to
achieve carbon neutrality by 2050. Some portion of the negative emissions capacity can be generated through
improvements to management of agricultural and forest lands to increase their capacity for carbon capture,
which will also improve air and water quality, thereby promoting better health. Significant advances are also
needed for carbon capture and storage technology. R&D will be needed to select the best set of capture and
storage technologies with the most promise for economies of scale, and ultimately the lowest cost for CO»

removal when implemented at scale.
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Definitions & Units

CO2: Carbon dioxide (COz) 1is a colotless,
odotless gas produced naturally by respiration and
by combustion of carbon-containing compounds.
It is the second most abundant greenhouse gas in
the atmosphere, after water vapor, and its
accumulation in the atmosphere is responsible for
the majority of observed climate change. The
amount of COy in the atmosphere can be
quantified as a percentage or fraction (e.g., parts
per million). The amount of CO; emitted by a
combustion process or by aggregate economic
activity can be quantified by the mass of the

emissions (e.g., Tons or Metric Tons).

CO2e: Carbon dioxide equivalent. Carbon
emissions are expressed in terms of mass (ie.,
metric tons). In addition, the values can either be
for carbon alone (“C”) or for carbon dioxide
(“CO7”), where 1 unit of carbon is equivalent to
3.667 units of carbon dioxide. As there are many
greenhouse gases other than carbon dioxide and
there is a need to express a value for the warming
potential of all greenhouse gases, scientists have
devised a measure (an equivalence or “e”) for how
much global warming can be expected from a
greenhouse gas as a function of the amount of
carbon dioxide. For gases other than COa, the
amount of emission is expressed in terms of the
amount of CO: that produces the equivalent
warming effect. COz is a gas, while CO2e is a
measure of the amount of CO that produces the
equivalent greenhouse effect to that produced by a
particular amount of a given greenhouse gas. For
example, MTCO2e and GTCOZ2e respectively
refer to megaton and gigaton COz-equivalent

emissions of greenhouse gases.

Electrification: conversion from burning fossil-
fuels to using electricity for power. For example,
electrification of the Transportation Sector refers
to transitioning from the use of vehicles that run
on fossil fuels to electric vehicles. Electrification
of the Commercial and Residential Sector refers to
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transitioning from the use of fossil fuels to the use
of electric power for heating, cooling, cooking,
and all other business and household appliances.

Green Hydrogen: Hydrogen (Hz) produced with
no net CO; emissions, or hydrogen carrier (e.g.,
compound that contains hydrogen) that can be
used to deliver hydrogen to a process with no net
emission of CO.. Examples: hydrogen produced
by electrolysis of water using renewable energy;
ammonia made from nitrogen from air and
hydrogen from electrolysis using renewable
energy. Grey hydrogen is produced using fossil-
fuels. Blue hydrogen is produced via steam-
methane reforming of natural gas and the resulting
carbon emissions captured.

GHG: Greenhouse gas - a gas that contributes to
global warming by trapping heat in the
atmosphere via a “greenhouse” mechanism.
Carbon dioxide (CO) is the most abundant
anthropogenic greenhouse gas. Methane, which is
less abundant in the atmosphere, is significantly
more potent, but less long-lasting.
Hydrofluorocarbons (HFC’s), used in refrigeration
and industrial processes, are highly potent
greenhouse gases.

Metric Ton (mT or T): Unit of mass equal to
1000 kg. One metric ton has an equivalent weight
of 2,200 lbs or 1.1 US ton. In this document,
metric tons are used exclusively and are
abbreviated by T. MTCO2: Mega (million) metric
ton of CO2. GTCO2: Giga (billion) metric ton of
COg, or 1,000 MTCO2.

Negative Emissions: Natural or industrial
processes that capture and store CO» produce
“negative emissions”. Emissions inventories for
countries generally consider the effects of land
use, land use change, and forestry (“LULUCE”)
on overall emissions. Net CO; capture and
storage from LULUCF counts as an offset against
GHG emissions. In addition to natural processes

-
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that take in CO, industrial processes are being
developed for removal and storage of COs..

Net-zero Carbon or Zero Carbon: The desired
state of no net emissions. Net-zero emission of all
greenhouse gases by 2050 is required to avoid the
consequences of climate change. Interim goals
include net-zero emission of COz or other
greenhouse gases from specific processes or
economic sectors, e.g. Electricity Production,
Transportation, or  Agriculture. Net-zero
emissions may be achievable through a
combination of reduction of emissions and

negative emissions.

Radiative forcing: The impact of some external
driver on Earth’s net (incoming minus outgoing)
radiation. Greenhouse gases impose radiative
forcing by decreasing the amount of outgoing
radiation. In response, the lower atmosphere
warms, which increases the outgoing radiation.
The warming continues until the balance between
incoming and outgoing radiation is re-established.

W, kW, MW, GW: Units of power - Watt,
kilowatt (1000 W), megawatt (1000 kW), gigawatt
(1000 MW). When hyphenated with a unit of time,
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e.g. hour (h), these terms indicate the amount of
energy generated or expended over that unit of
time. For example, 1 kW-h is the equivalent
energy from 1 W of power sustained for 3600 sec,
or 3600 W-s, which is equivalent to 3600 J, or 3.6

K.

Zero Emission (ZE): Term used to describe
fuels and processes that produce no net
greenhouse gas emissions. For example, hydrogen
fuel cells charged with green hydrogen are a ZE
energy source. Electrolysis, powered by renewable
energy sources, is a ZE method for producing
green hydrogen.

Zero Tailpipe Emissions: Term used to describe
vehicles that produce no greenhouse gas
emissions directly. Such a vehicle is called a zero-
emission vehicle or ZEV. Any greenhouse gas
emissions resulting from the manufacture and
delivery of the vehicle are not considered to be
tailpipe emissions. For example, the goal of net
zero Emission of all greenhouse gases will require
Zero-Tailpipe-Emission Vehicles (ZEV) to be
manufactured with little or no net emission of

greenhouse gases.
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Part I - Background

Climate Change

Climate change is the result of on-going and
unprecedented human activities. The burning of
fossil fuels, from industrialization around the
world, especially since World War 1II, has driven
climate change through the dramatic increase in
heat absorbing greenhouse gases, especially
carbon dioxide (Lindsey, 2020). Other greenhouse

gases include methane and hydrofluorocarbons,
which have much higher global warming potential
than carbon dioxide and are therefore significant
in much smaller concentrations. Prior to the
industrial revolution, the concentration of carbon
dioxide in our atmosphere cycled between 180-
300 parts per million (ppm) for hundreds of
thousands of  years. Recently, however,
atmospheric carbon dioxide has risen to over 400
ppm, reaching 415 ppm in 2020) (see Figure 1).
One would have to go back millions of years in
Earth’s history to find such a high level of carbon
dioxide. The last time carbon dioxide levels were
at similar levels was 3-5 million years ago before
the evolution of modern humans, when the world
was 2-3°C warmer and the sea level was 15-25

meters higher than today.

The rapid increase in carbon dioxide, as well as
other greenhouse gases emitted by human activity,
has driven the increase in the atmospheric
temperature to about 1°C (or 1.8°F) above pre-
industrial levels, resulting in observable changes to
the FEarth’s climate (NASA, 2021), such as

warming oceans, melting polar ice, glacial retreat,

sea level rise, extreme weather events, and ocean
acidification. If we continue to emit carbon
dioxide at the current rate, the atmospheric
concentration of carbon dioxide could be double
that of the pre-industrial era by 2050 and possibly
surpass 1,000 PPM (0.1%) by late in the 21st
century. Such a high concentration would likely
result in a global temperature rise of greater than
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4°C, which in turn would very likely cause
catastrophic damages for Earth’s ecosystems and
human society. Because significant destructive
climatic changes are likely even if the temperature
increases by only 1.5 - 2°C, many of the world’s
scientists and governments are advocating for the
world-wide goal of net-zero greenhouse gas
emissions by 2050. Technologies needed for
initiating this transition, including renewable solar
and wind energy, are readily available. However, in
addition to transitioning to renewable energy,
further efforts will be required over the next few
decades to reach net-zero (or carbon neutrality)
emissions by mid-century to avoid the worst of
the damages.

Social Cost. The damages from climate change
have significant costs that are borne across most
economic sectors throughout the globe. Severe
weather events, such as drought-induced forest
fires, excessive flooding from hurricanes, and
intense tornadoes, cause losses in the agricultural
sector (FAO, 2017), and they destroy buildings
and property, thereby resulting in losses in the

industrial, commercial, and residential sectors.
Weather-related economic damages from large
disasters in the US are increasing as the severe

weather events become more frequent (NOAA

2020). Over the past 3 to 5 years, the average
annual cost of large disasters exceeded $100
billion. Globally, disasters have more than tripled
in number in the past 50 years (FAO, 2017). The
increasing wildfires around the world, chronicled

in a Science Brief report (Jones e/ al. 2020), are so

concerning that headlines like Apocalypse
Becomes the New Normal (Krugman, 2020) are
becoming commonplace.

In addition to severe weather, the effects of

climate change on global healthcare have been
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Figure 1. Atmospheric carbon dioxide concentration (parts per million, ppm) versus time from
500,000 years ago to present. Source: NOAA NCEI (Lindsey, 2020). Pre-industrial data are from
Luthi et al. (Liithi ez a/ 2008a; Liithi et 2/ 2008b). See Figure 2 for temperature rise with CO; spike
in the modern era in the extreme right of this plot.

Figure 2. Both atmospheric carbon dioxide concentration (blue curve, on left in parts per million,
ppm) and global mean temperature rise (backward-looking five year averages, red circles, on right in
degrees Celsius) plotted versus time (Year) over the period 1950-2020. (GISTEMP Team, 2021). Note
that this period corresponds to the steep rise in carbon dioxide concentration from ~300-400 ppm on

the extreme right side of Figure 1.
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overwhelmingly negative (WHO, 2021), including
increased insect-borne infectious disease and
increased heat-related illness, as well as higher
incidence of cardiovascular and respiratory
diseases caused by pollutants from fossil fuel
combustion. As significant as the costs are to

wealthy nations, the projected impacts on

IPCC Pathways

The United Nations Intergovernmental Panel on
Climate Change (IPCC) has conducted detailed
studies and  predicted  far-reaching  and
unprecedented  damages to the  world’s
environment and ecosystems. The IPCC has also
provided the responses required to avoid this fate,
the most important of which are reducing
emissions of greenhouse gases immediately and
preventing the loss of carbon sequestering lands.
These steps will lead to slowing global warming,
ensuring a more sustainable world with clear
benefits to people and natural ecosystems. The
longer the delay in action, the more difficult the
problems will be to address in the future.

In 2014, the IPCC 5th Assessment Report (AR5)
detailed the drivers of climate change and the
needed responses to prevent the worst damages
(Core Writing Team IPCC, 2014). The IPCC
worked with many stakeholders and experts,

including integrated assessment modelers, climate
modelers, terrestrial ecosystem modelers and
emission inventory experts to produce detailed
narrative storylines and integrated scenarios. The
key driving forces, including population, income,
energy and land use, have been related to
emissions, and conclusions have been drawn
which provide guidance on these scenarios.

The IPCC AR5 scenarios for climate change are
based on CO; emissions and radiative forcing, the
human-induced impact on the difference between
sunlight absorbed by the Earth and radiated back
to space. The scenarios are referred to as
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developing countries arte even more severe,
including large-scale health impacts, food
insecurity, water insecurity, economic insecurity,
and the loss of habitable land, as described in a
report from the United Nations
Intergovernmental Panel on Climate Change
(Core Writing Team IPCC, 2014).

Representative Concentration Pathways or RCPs.
The pathway with the highest radiative forcing,
>8.5 W/m? by 2100, is named RCPS8.5. Two
intermediate pathways in which radiative forcing is
stabilized at 6 W/m?2 and 4.5 W/m?2 are RCP6.0
and RCP4.5, respectively. The pathway in which
radiative forcing peaks at 3.1 W/m? before 2100
and then declines is RCP2.6.

RCP8.5, the high-emission scenario, previously
referred to as “business as usual”, is characterized
by increasing greenhouse gas emissions over the
21st century and beyond and results in the highest
COz concentration, with CO2e reaching 1,000
ppm or higher by 2100. Both RCP6.0 and RCP4.5
are scenarios that result in stabilization of total
radiative forcing shortly after 2100 using a range

of technologies for reducing greenhouse gas
emissions. For RCP2.6, the scenatio leading to the
lowest greenhouse gas levels, CO, concentration
peaks mid-21st century followed by a decline. The
upshot of this analysis is that only the RCP2.6
scenario likely results in global warming staying <
2°C above pre-industrial temperatures and avoids
the worst damages from climate change.

Detailed studies have compared the IPCC
scenatios to past conditions present on the Earth.
Past climates have been reconstructed to
determine not only the eight glacial cycles
(Augustin ez al. 2004) over the past 800,000 years,
but also fine-scale rhythmic variability from orbital

variations over 66 million years (Westerhold ez a/
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Figure 3. International Panel on Climate
Change (IPCC) Fifth Assessment Report
(Core Writing Team IPCC, 2014) scenarios for
GHG emissions. RCP8.5, Blue; RCP6.0,
Black; RCP4.5, Red, RCP2.6,
van Vuuren et al 2011, reproduced with

. (Source:

permission from D. P. van Vuuren).

Table 1. Median temperature anomaly under different IPCC scenarios (Moss ez 2/ 2010).

Scenario Radiative forcing CO; equivalent Temp anomaly
RCP2.6 3 to 2.6 Wm-2by 2100 490 ppm 1.5-2°C
RCP4.5 4.5 Wm=2post 2100 650 ppm 24°C
RCP6.0 6.0 Wm2 post 2100 850 ppm 3.0°C
RCP8.5 8.5 Wm2in 2100 1373 ppm 4.3°C

2020). The success in capturing the natural
climate variability supports the projection that the
temperature at the end of this century will likely
be the highest in at least 100,000 years. In
addition, a new analysis of climate sensitivity
(Sherwood et al. 2020) shows that it is extremely

unlikely that the climate changes could be low
enough to avoid substantial global temperature
increase, in excess of 2°C warming under a

high- emission future scenatio.

While the temperature changes might seem small,
when put into proper geological context, the
prospect of temperature rises in excess of 2°C are
extremely alarming. Figure 4 provides such
context with a plot of the changes in mean global
temperature over the past 60 million years. In the
figure, temperatures are plotted as the difference
from historical (mid-20th century) values. The
colored bars on the top portion of the figure from
~ 20 kyr to ~60 Myr before present show the
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climate states (Hothouse, Warmhouse, Coolhouse,
and Icehouse) as identified by Westerhold ez 4/
(Westerhold ¢z al. 2020). Temperatures shown
beyond 2018 are from predictions based on RCP
8.5 (brown), RCP 4.5 (light blue) and RCP 2.6
(purple) and are represented by curves with

shaded areas between lower and upper limits of
the predictions. For the past 3 million years,
Earth's climate has been relatively cold, in an
‘Icehouse’ state characterized by alternating glacial
and interglacial periods. Modern humans evolved

during this time. However, anthropogenic

MIT Alumni for Climate Action

greenhouse gas emissions are now driving the
planet toward earlier stages in the planet’s
evolution, called ‘Warmhouse’ and ‘Hothouse’
climate states, which have not been seen since the
Eocene epoch ending about 34 million years ago.
During the early Eocene, there were no polar ice
caps, and average global temperatures were 9 to
14 °C higher than today. The IPCC projections
for the high-emission scenario will potentially
bring about mean global temperatures not seen in

50 million years.

Figure 4. Temperature trends over the past 65 million years (adapted from Burke et 2/ 2018, with
permission from Proceedings of the National Academy of Sciences). Annotations are explained in

the text.

A number of analyses of emissions data from
2000 to 2020 are troubling because annual
emissions through 2020 are a very close match to
the RCP8.5 emissions pathway (Schwalm e/ al.
2020), possibly portending extreme damages to
the environment if future emissions cannot be
brought under control. One recent study
(Schwalm ez al 2020) also concluded that
cumulative emissions through 2050 under RCP8.5

are closer to (but a bit over) what is expected than
are the other RCPs. Although RCP8.5 assumed
virtually no effort to reduce emissions while
emission reduction policies and technologies are
progressing rapidly, it very likely underestimated
the impact of global warming feedbacks such as
the melting of the Arctic sea ice, the thawing of
the Arctic permafrost, increased forest fires,
increased loss of soil carbon, etc.
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The predicted damages from the IPCC AR5
RCP8.5 scenario include the following (Core
Writing Team IPCC, 2014):

® Risk of severe ill-health and disrupted
livelihoods resulting from storm surges,
sea level rise and coastal flooding; inland
flooding in some urban regions; and
petiods of extreme heat.

® Systemic risks due to extreme weather
events leading to break-down of
infrastructure  networks and  critical
services.

® Risk of flood and water insecurity and
loss of rural livelihoods and income,
particularly for poorer populations.

® Risk of loss of ecosystems, biodiversity
and ecosystem goods, functions and
services.

These substantial risks, which span sectors and
regions, are predicted with high confidence. In
fact, many of these predictions ate already coming
true and climate change has quickly become an
undeniable fact. A recent report from NASA and
NOAA (NASA, 2020) found that the past five
years each ranked as the five hottest on record
globally, as did 19 of the past 20 years in this

century.

There is a growing concern that global warming
might cause abrupt (rather than gradual) changes
to the Earth’s climate (Lenton er al 2019),
particularly if the additional warming caused by

one climate feedback accelerates the emissions
from other feedbacks. Although the changes that
cause feedbacks to cross tipping points (Mahe,
2014) are not well understood, a recent article in
Nature (Lenton e al 2019) stated that the
“evidence is mounting that these events could be

more likely than was thought, have high impacts,
and are interconnected across  different
biophysical systems, potentially committing the
world to long-term irreversible changes”. An
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example of a possible tipping point would be the
Amazon rainforest (Lovejoy & Nobre, 2019), after

some amount of tree loss, turning into a savanna,
releasing up to 86 billion metric tons of carbon
dioxide (86 GTCO?2). Other examples of tipping
points have already occurred or are in progress:
the Greenland ice sheet reached a tipping point 20
years ago (Palmer, 2020), the Thwaites Glacier in

Antarctica is nearing a tipping point (Bowler,
2020) and could trigger an unstoppable 20-inch
sea level rise (Slater ez a/ 2020). Substantial

acceleration in global ocean circulation has
occurred in the past few decades (Hu ¢7 a/ 2020),
intensified by surface winds and reaching
kilometer depths. Record high temperatures of the
oceans are being recorded (Cheng er al 2020),

which were the hottest ever in 2019, and before
that in 2018, and before that in 2017. Recently,
2020 was reported to be tied as the warmest year
on record (Hausfather, 2021).

There is no doubt that climate change has become
an increasing threat to human health, water and
food, economy, infrastructure, and security.
Without immediate action to aggressively reduce

emissions, a recent study (Mora ¢z a/. 2018) found
that some ecosystems and societies will likely be
regularly exposed to multiple concurrent climate
hazards (e.g., "warming, heatwaves, precipitation,
drought, floods, fires, storms, sea-level rise and
changes in natural land cover and ocean
chemistry"). The study estimated that by the year
2100, there will be from three to six simultaneous
events, posing a broad threat via the
intensification of the multiple vulnerabilities.
Moreover, another study (Xu ez a/ 2020) found
that a continuation of current emission trends
over 50 years will likely result in 1-3 billion people
being thrust outside the climate conditions under
which our various global societies have developed
and thrived over millennia. Therefore, it is likely
that failure to take immediate action will result in
mass migrations and large numbers of displaced

people.
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Historic and Current Emissions

Human activities have resulted in emissions of an
almost unimaginable amount of CO; into the
atmosphere - 1500 GT since 1751 (Ritchie &
Roser 2020a) - resulting in the observed increase
in global levels to over 400 ppm, with different
countries responsible for emitting different
amounts of greenhouse gases. The Union of
Concerned Scientists (UCS 2020a) has analyzed
data compiled by the International Energy Agency
(IEA 2021) on CO; emissions from the
combustion of coal, natural gas, oil, and other

fuels, including industrial waste and non-
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renewable municipal waste (Figure 5). Based on
historic emissions, the US, Europe, and China
have been the largest emitters. The US has emitted
more CO; than any other country to date, ~ 400
GT, which is 25% of the world total. The
European Union, including the UK (EU-28), has
emitted the second-most, ~350 GT, which
amounts to 22% of the total. China has emitted
the third-most, ~ 200 GT, or 13%. All the other
countries, including Russia (6%), Japan (4%), and
India (3%), together have emitted about 550 GT.

Figure 5. Historic carbon dioxide emissions by countries and regions as percent of wotld emissions
(1751-2017). Sources: Union of Concerned Scientists (UCS, 2020a), Our World in Data (Ritchie &
Roser, 2019; Ritchie & Roser, 2020a) and Global Carbon Project (Friedlingsetin et 2/ 2020).

Current emissions data by countries indicate some
differences from historical emissions (LIEA, 2021).
China has surpassed the US and EU as the highest
emitter, with the total share from the three top

emitters changing from 60% historically to 41.5%

in a recent report (Friedrich ef @/ 2020). Reduction
in the share of global emissions from the top three
emitters is primarily due to the increase in

emissions from developing countries such as

India, Brazil, Indonesia, Iran, and others.
Nevertheless, the top emitters remain the most
industrialized nations named in the historical data,
with the 10 top nations responsible for two-thirds
of GHG emissions. Rankings of highest emitters
of total annual carbon dioxide can also be
compared by the population of each country (per
capita emissions). In this analysis, developed

nations typically have higher carbon dioxide
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emissions per capita, while most developing
countries lead in the growth rate of carbon
dioxide emissions (Figure 06). These uneven
contributions to the climate crisis are significant

MIT Alumni for Climate Action

challenges  for establishing equitable and
acceptable solutions to global warming (UCS,
2020b).

Figure 6. CO; emissions by country, organized in terms of total emissions and per-capita emissions

from fossil fuel combustion. Higher total emissions countries are on the right with larger bubbles

while the higher the per-capita emissions countries are higher on the chart. Data from 2018 was

compiled by the International Energy Agency (
(UGS, 2020b).

Loss of tropical forests - critical natural carbon
sinks - also poses significant challenges for
establishing equitable solutions to the climate
crisis. With increasing population, more forest
lands have been cleared for agricultural use and
contribute to increasing global emissions. As
shown in Figure 7, we have lost over 25% of the
world’s forests since industrialization, driven over

recent decades by conversion of primary forests to

IEA, 2021) and the Union of Concerned Scientists

agriculture  (primarily  pastureland for beef
production), oilseed production (soybean and
palm oil) and tree plantations (for paper and
wood). Such intensive land wuse has been
increasing GHG emissions while reducing the
earth’s ability to absorb and sequester carbon
dioxide. Together, these effects account for
anthropogenic GHG emissions of about 12
GTCO2e each year globally.
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Figure 7. Beef and oilseed production represent the most important drivers of tropical deforestation

(Ritchie & Roser, 2020b).

As primary forests in Burope and the US were
mostly lost many decades ago, countries in Africa,
Asia, and Latin America have become the focus of
preventing the continued decline of forests. Given
the importance of agriculture to these developing
countries, preserving the existing tropical forests
while meeting the needs of their populations is a
significant challenge. This challenge presents an
ongoing problem, with a reported 12% increase in
deforestation (WRI, 2021) led by Brazil and the
Democratic Republic of Congo in 2020. Europe
and the US need to accept their share of the

problem and help developing countries find
solutions that balance the important competing
factors of agriculture, biogeography (Sachs, 2001),
and socio-economics.

Climate Justice. Climate change in emerging
countries has elevated climate justice to the
(Agrawal,  2008).

economic segments of many emerging countries,

forefront High-emitting

Paris Agreement

The United Nations has recognized the dangers of
climate change and led the effort to limit
greenhouse gas emissions through international
agreements, the latest of which is the Paris

for example, lithium extraction in South America
(Barandiaran, 2019), are mainly for exports. These

countries suffer high environmental hazards for
relatively little economic gain (particularly for the
lower income part of the population). On the
other extreme, many developed countries (e.g.,
Europe and North America) outsourced their
polluting activities to developing and emerging
countries. When the carbon content of their
imports is considered, their national emission
statistics are not as clean as what their
consumption patterns might suggest. There is now
an international consensus about the need for a
new approach of inclusive economic development
in low-income and emerging countries, which calls
for an active and supportive role of the developed
world. Recent publications of the UN point out
the importance of the next decade, with 2021
being a crucial year for this paradigm shift
(UNEP, 2020b).

Agreement. This agreement was approved by 196
countries (all but 2 of the world’s nations) at the
end of the 2015 UN Framework Convention on
Climate Change (UNFCCC) Conference of the
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Parties (COP-21) meeting in Paris. Although the
value of limiting greenhouse gases to prevent
temperatures from rising above 1.5°C  was
discussed, most of the nations supported limiting
global warming to less than 2°C to prevent the
worst of the damages. As a step toward meeting
the Paris Agreement’s temperature increase goals,
countries pledged non-binding GHG emission
reduction plans, referred to as nationally
determined contributions or NDCs (UNFCCC
2021a and UNFCCC, 2021b)

Countries  announced different levels of
commitment in the NDCs, not necessarily
reflecting their per capita emissions (see Figure 8).
For example, the UK (and to a slightly lesser
degree, EU) has an intermediate level of per capita
emissions but has the highest commitment to
emissions reduction. India has the lowest per
capita level of emissions with an intermediate level
of commitment to emissions reduction. China,
Japan, Russia, and South Africa have intermediate
levels of per capita emissions and low
commitment to reducing their emissions. The US
and Canada, and especially Australia, have high
per capita levels of emissions and an intermediate

Global Carbon Budgets

Global carbon budgets for various temperature
increases were established in the recent IPCC
report (Rogelj et al. 2018) entitled “Mitigation
Pathways Compatible with 1.5°C in the Context

of Sustainable Development“. The carbon
budgets were determined from probabilistic
climate models run for a variety of input
conditions and assumptions. The results were
evaluated to assess the probability of vatious
outcomes for those conditions and assumptions.
From the results obtained for a given amount of
total global emissions, the probability of not
exceeding a specific temperature increase was
estimated. In Figure 10, temperature increases are

plotted against total global CO, emissions from
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level of commitment in reducing their emissions.
These differences underscore a fundamental
challenge to addressing global climate change -
one that requires international leadership,
especially from leading nations, such as the US
and EU.

The US NDC, a pledge made to reduce US
greenhouse gas emissions (EIA, 2020a) as part of

the initial Paris Agreement, is to reduce 2005
emissions of 6.6 GTCO2e by 17% (to 5.5
GTCO2¢) by 2020 and by 26-28% (to about 4.8
GTCO2e) by 2025 (Figure 9). Largely because of
the closure of many coal-fired power plants since
2005, and the reduced economic activity in 2020
due to the coronavirus pandemic, US greenhouse
gas emissions in 2020 will likely be close to the
2020 goal. Based on preliminary data for 2020, a
recent study (Larsen es a/ 2021) estimates that the

US greenhouse gas emissions dropped by 10.3%
last year, with reduction accelerated due to
COVID-19. This extraordinary reduction is 21%
below 2005 levels. This event is providing the
opportunity to temporarily meet or exceed the US
2025 Paris Agreement target of 26-28% below
2005 levels.

2021-2100, after adjusting for 100 GTCO2 from
natural emissions (i.e., 100 GTCOZ2 has been
subtracted from the global carbon budget values
on the abscissa). For example, for anthropogenic
emissions of 1,200 GTCO?2 the analysis suggests a
67% probability for having temperature increases
of 2.2°C or lower, a 50% probability for having
temperature increases of 1.9°C or lower, and 33%
probability for having temperature increases of
1.7°C or lower. The conclusion of this analysis
predicts an increase of over 4°C with the current
rate of global emissions and the requirement of
lowering total post-2020 global emissions to 1,200
GTCO2 to limit temperature rise to between
1.6°C and 20C.
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Figure 8. Paris Agreement emission 2030 reduction targets (%) from NDCs versus per-capita
emissions. Countries at the upper left hand corner are more ambitious and those that are less

ambitious are at the lower right hand corner. Reproduced with permission from David Lunsford,
MSCI (Lunsford, 2020).

Figure 9. United States NDC emissions targets for 2020 and 2025 in the Paris Agreement. (UNFCCC
2015).
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Figure 10. Global anthropogenic carbon emissions (for 2021-2100) and resulting temperature increase

for three probabilities, assuming 100 GTCO2e from natural feedbacks. The plot was derived from

IPCC data (Rogelj et al 2018).

Global Carbon Budgets and Emission
Pathways. Global greenhouse gas emissions are
currently at about 52 GTCOZ2e per year. The
IPCC has estimated that the 2018-2100 global
carbon budget for a 67% chance of not exceeding
1.5°C is 420 GTCO?2. Because this carbon budget
excludes additional earth system feedbacks (Lowe
& Bernie, 2018) of about 100 GTCO?2, and the
annual CO2 emissions averaged around 42
GTCO2 for 2018-2020, the post-2020
anthropogenic carbon budget is about 194
GTCO2. Assuming that the CO2 emissions
budget is 80% of the total GHG emissions
budget, the post 2020 GHG accumulated
emissions budget is about 242 GTCOZ2e for a
1.5°C temperature rise.  Similarly, the IPCC
estimated 1170 GTCO: budget for a 2°C
temperature rise, adjusted for feedbacks and

converted to total GHG emissions, is about 1180
GTCO2e . Commitments to reduce emissions by
defined amounts over a given timeframe

correspond to levels of accumulated emissions
that are added to the atmosphere before emissions
are finally reduced to zero. Thus, a program of
emissions reductions defines an emission pathway.
The global carbon budget for a given temperature
rise determines the removal burden that results
from following a particular emission pathway.
Significant accumulated CO; emissions will need
to be removed from the atmosphere to reach a
target of 2°C or lower.

US Carbon Dioxide Removal Requirement.
Meeting any temperature increase that is “well
under 2°C” with a realistic greenhouse gas
emissions pathway will require significant removal
of carbon dioxide from the atmosphere.
Therefore a  “carbon  dioxide  removal
requirement” needs to be calculated in addition to
a carbon budget for the US. A carbon budget (and
the corresponding CO» removal requirement) for
the US depends on four primary factors: (1) the
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temperature increase target, (2) the expected
global emissions, (3) the expected US emissions,
and (4) how the global carbon budget will be
allocated to the various countries. Table 2 lists the
expected US responsibility for carbon dioxide
removal for three emission pathways and two
temperature targets, assuming that the US should
be responsible for removing 20% of global carbon
dioxide. In Table 2, all emissions and carbon
dioxide removal (CDR) amounts are in units of
GTCO2Z2e. The GHG emissions pathways assume
that annual emissions will continue at the current
annual rate until the Start Year and are then
reduced linearly until reaching 20% of the initial
annual emissions at the Net Zero Year. After the
Net Zero Year the emissions drop in linear
The
Emissions are the cumulative emissions from the
present (2021) until thirty years after the Net Zero

fashion to zero over 30 years. Gross

Year. The Net Emissions are the cumulative
emissions that would have resulted if emissions
had been reduced to zero in the Net Zero Year.
The CDR is the difference between gross and net
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cumulative emissions (i.e., the amount of total
carbon dioxide equivalent removal required to
make global emissions net zero by 2100). The
global carbon dioxide removal for a given
temperature target is the sum of the CDR for a
given pathway and the difference between the Net
Emissions for that pathway and the budget for the
temperature target.

Pathway #2 is the global goal for net zero in 2050.
For pathway #2, the US cumulative emissions
(116 GT) can be estimated by taking the Gross
Emissions and multiplying by the current US
annual emissions (5.5 GT) divided by the Global
Annual Emissions (52 GT). A 20% share of the
global removal responsibility would be 170 GT
over several decades. As illustrated in Table 2,
delay of the Net Zero Year has an appreciable
For

pathways with higher cumulative emissions and

cost in accumulated global emissions.

removal responsibilities, the annual removal

requirement for the US could easily approach or
even exceed the current US annual emissions.

Table 2. US carbon dioxide removal responsibilities for IPCC temperature targets and GHG
emission pathways. Values for GHG, Net, CDR, Budget, Global, and US are all in GTCO2e

(Source: CC Data Center, 2021a).

Carbon Dioxide Removal for
Temperature Target
1.5°C 2°C
Annual
. Budget US Res Budget US Res
Global GHG Cumulative g P 8 P
1 1 0, 0,
Path- Start | Net Zero | Emissions Emissions/CDR 242 20% 1180 20%

way Year Year 2020 Gross Net | CDR Global Us Global UsS
2021 2040 52 780 520 260 538 108
2 2021 2050 52 1092 780 312 850 170

3 2021 2060 52 1404 1040 364 1162 232 224 45

Building on Past Commitments. To avoid the
worst damage from climate change, there is
increasing agreement that the world must achieve
net-zero carbon or carbon neutrality by 2050 or
eatlier. The EU and UK have already made

national commitments toward this goal, including
55% cuts to greenhouse gases over the next
decade, as a part of the response to the COVID-
19 pandemic (Huropean Commission, 2020a). In

the remainder of the world, including the US, the
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net-zero carbon goal can be achieved through a
similar process, including a combination of
improvements in energy efficiency, reductions in
energy demand, and conversion from fossil fuel
use to electricity. Capturing and sequestering
carbon dioxide from the atmosphere will
ultimately be required for successfully achieving
the full net zero carbon target.

The US Climate Alliance representing 24 states
and 55% of the population has committed to the
Paris Agreement goals, and the US Federal
Government has just returned to  this
commitment. Even though the US net-zero goal is
ambitious, by setting the appropriate goals and
funding the necessary research and development,
the national targets needed to meet the climate
challenge are achievable. Leading states for climate
commitments, including California, Washington,
New York, Hawaii, New Jersey, Maryland, and
others, have set an intermediate mandate of ~50%

renewable energy or partial reduction of carbon
emissions by 2030 (compared to 1990). The
intermediate goals are achievable using current
technologies and put us on the pathway to net-
zero carbon by 2050.

Inventory of GHG Emissions

There are about 60 major sources of greenhouse
gas emissions listed by the Energy Information
Administration (EPA , 2020a; EPA, 2020b). These
sources are generally grouped into five economic

sectors based on where the emissions were
generated (Figure 11, left): Residential and
Commercial,
Industry, and Electricity Production. In this

Agriculture, Transportation,
grouping, production of electricity is considered as
a separate sector, and emissions generated at
power plants are accounted for in the Electricity
Production sector. For the US, in 2018 the relative
percentages for the five sectors were 29% for
transportation, 25% for electricity production,
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One example of a state committing to these goals
is California, which is treviewed in a recent
Lawrence Livermore National Laboratory report
(Baker ef al. 2019). Although each state has its own
unique circumstances, the broad outline of
California's approach (an 80% reduction of
greenhouse gases by mid-century and negative
emissions starting within ten years and eventually
amounting to 15-20% of current emissions) is
applicable to most (if not all) states and for the US
as a whole. However, as not all states have the
same relative resources or emissions, the US
Government may need to aid individual states on
a case-by-case Dbasis. Several proposals are
available for achieving these goals at the state and

national levels.

The methodology for reducing greenhouse gas
emissions involves the following steps: (1)
inventory of current greenhouse gas emissions; (2)
establish emissions reduction targets; (3) develop
specific plans for reducing greenhouse gas
emissions. The longer term goal of negative
emissions will be necessary to become fully
carbon neutral, and to assist developing countries
achieve their emissions reduction targets.

24% for industrial uses, 12% for buildings, and

10% for agricultural activities.

These sources can also be grouped into four
economic sectors based on where the energy was
consumed (Figure 11, right): 38% for Industry,
23% for Residential and Commercial, 29% for
Transportation, and 10% for Agriculture. In this
grouping, the emissions attributable to Electricity
Production are distributed among the four
economic sectors. Emissions from a given activity
within a sector include emissions from production
of electricity that is consumed in that activity, as
well as emissions generated by use of fossil fuels
for that activity. In the grouping based on where

23


https://www-gs.llnl.gov/content/assets/docs/energy/Getting_to_Neutral.pdf�
https://www-gs.llnl.gov/content/assets/docs/energy/Getting_to_Neutral.pdf�
https://www-gs.llnl.gov/content/assets/docs/energy/Getting_to_Neutral.pdf�
https://www-gs.llnl.gov/content/assets/docs/energy/Getting_to_Neutral.pdf�
https://www-gs.llnl.gov/content/assets/docs/energy/Getting_to_Neutral.pdf�
https://thesolutionsproject.org/#tsp-section-blog�
https://thesolutionsproject.org/#tsp-section-blog�
https://thesolutionsproject.org/#tsp-section-blog�
https://www.epa.gov/sites/production/files/2020-04/documents/fastfacts-1990-2018.pdf�
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks-1990-2018�

A Roadmap for Responding to Climate Change

emissions are generated, Transportation and
Electricity Production are the two largest sources
of GHG emissions. When grouped based on

MIT Alumni for Climate Action

where energy is consumed, Transportation and
Industrial consumption are the largest sources of
GHG emissions.

Figure. 11. Percent of US greenhouse gases from production (left) and consumption (right) by

sector. Sources: US Energy Information Administration, Environmental Protection Agency (EPA,

2020a; CC Data Center, 2021b).

Table 3 lists the top 12 sources of greenhouse gas
emissions that together are responsible for nearly
80% of all emissions. These different sources and
sectors face different challenges and opportunities
for emissions reductions, requiring an integrated
and concerted approach to achieving the NDC
and IPCC targets. Significantly, in the US

electricity sector over the last 10 years, coal use
has declined by about 35% while natural gas usage
has increased about 60%. Nevertheless, coal
remains the largest source of CO, emissions in
electricity production, with natural gas being the

second highest contributor in the sector.

Table 3. Top sources of US greenhouse gas emissions in 2018. Source: Environmental Protection

Agency (EPA, 2020b).

Electricity Coal 1,053 15.8
Transportation Light-Duty Vehicles 991 14.9
Electricity Natural gas 670 10.0
Industrial Natural Gas 459 6.9
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Transportation Freight Trucks 391 5.9
Agriculture Crop cultivation 360 5.4
Agriculture Livestock 259 3.9
Residential Space Heating 249 3.7
Industrial Other Petroleum 246 3.7
Industrial Liquefied Petroleum 228 3.4
Transportation Air 170 2.6
Commercial Space Heating 137 2.1

Emissions Reduction Targets

Carbon neutrality requires a commitment to
establish a specific pathway to eliminate net
greenhouse gas emissions by 2050. A simple way
to create such a reduction pathway is to reduce
emissions by 80% linearly from 2020 to 2050,
which may be achieved through existing
technologies. About 20% of greenhouse gases
emissions will be more difficult to eliminate, and
consequently, states like California are planning on
emissions being cut by 80% by 2045 (Figure 12
and Table 4). Policies can then be created to reach
intermediate goals of 50% or higher over decadal
milestones. To reach the ultimate goal of carbon
neutrality by 2050, research and development of
carbon capture and sequestration, in addition to
other technologies, will be necessary. Note that
the emission pathway of Figure 12 includes
carbon capture starting in 2025, with linear
emissions reductions and targets similar to
scenarios described in the discussion of Table 2.

Several US states are committing to substantial
reduction in carbon emissions (see Table 4), led by
California, New York and other states in the US
Climate Alliance (US_Climate Alliance, 2019).
Hawaii, Virginia and Maryland are three states that

have committed to 100% carbon-free electricity.
Furthermore, electric power holding companies
serving multiple states, such as Duke Energy
(Duke Energy, 2020), are publicly reporting plans

to achieve carbon neutrality. However, some
states with high GDP contributions, such as
Texas, Florida, and Georgia have not made any
such commitments. Transitioning from this
patchwork approach to a national plan will be
more effective in achieving emissions reductions
targets for the US.

As part of the Paris Agreement, developed
countries or unions, such as the US, EU, Japan,
and Russia have pledged reductions of GHG
emissions by 2030 (Table 5). Developing nations,
such as China, India, and Brazil have pledged to
reduce carbon intensity (i.e., GHG emissions per
unit GDP), which will produce lower increases in
GHG emissions than would occur in a high-
emission scenario. However, the Paris NDCs do
not achieve a pathway to limiting emissions
sufficiently to prevent global warming of over 1.5-
2°C, and more aggressive targets are necessary. If
current national pledges to reduce greenhouse-gas
emissions are implemented, which is not assured,
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Figure 12. California emission reduction trajectory. Source: LLNL (Baker er a2/ 2020)

Table 4. State carbon emissions reduction targets. See Appendix, State & Country Emission

Reduction Targets & Mandates.

Reduc- |Target |Ref.
State tion Goal |Year Year Coverage Comments*
80% 2045 1990 Economy wide GHG Statutory & Executive
California Target
New York 85% 2050 1990 Economy wide GHG Statutory Target
New Jersey 80% 2050 2006 Economy wide GHG Executive Target
Washington 95% 2050 1990 Economy wide GHG Statutory Target
Pennsylvania 80% 2050 2005 Economy wide GHG Executive Target
Virginia 100% 2045 NA Economy wide GHG Statutory Target
Colorado 90% 2050 2005 Economy wide GHG Statutory Target
Washington 95% 2050 1990 Economy wide GHG Statutory Target
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Table 5. National carbon emissions reduction targets. *LULUCF=Land Use, Land Use Change,
and Forestry. BAU = “business as usual” scenario. Source: Climate Action Tracker (CAT, 2020;
CAT, 2021), Copyright © 2009-2021 by Climate Analytics and NewClimate Institute.

Reduction Target | Ref.
Country | Goal Year Year | Coverage Comments*
26%-28% 2025 2005 Economy-wide | 10-17% below 1990, excluding LULUCF
USA GHG
80% 2050 2005 68-76% below 1990, excluding LULUCF
30% 2030 2005 Economy-wide | 13% below 1990 Excluding LULUCF
Canada GHG
80% 2030 2005 65% below 2005, excluding LULUCF
40% 2030 1990 Economy-wide
EU GHG
91-94% 2050 1990 Excl. LULUCEF, but incl. carbon removal
26% 2030 2013 Economy-wide | 15% below 1990, excluding LULUCF
Japan GHG
78%-80% 2050 1990 Excl. LULUCF
25%-30% 2030 1990 Economy-wide | 19-24% below 1990, excluding LULUCF
Russia GHG
Draft released March, 2020.
Increase 2030 2005 Economy-wide | 60%-65% reduction in carbon intensity, with
China GHG peak CO2 emissions by 2030.
100% 2060 Carbon neutrality before 2060.
Increase 2030 2005 Not Specified 33%-35% reduction in carbon intensity;
additional cumulative carbon sink of 2.5-3
India GTCO2e from LULUCF
Per capita emissions not to exceed those of
the developed world.
-5%(increase)/ | 2025 / 2010 Economy-wide [ The previous NDC targeted 76% above
6% 2030 GHG 1990 levels, excluding LULUCF.
Brazil
2060 Achieving zero carbon by 2060 is contingent
on international funding.
22% (Net 2030 BAU | Economy-wide [ 51% reduction of black carbon
Mexico Increase) GHG
50% 2050 2000
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they are likely to result in at least 3°C of global

warming (Lenton ez 4/ 2019). The next step in
developing new national targets for emissions is
scheduled for the UNFCCC meeting (COP-26) in
Glasgow, Scotland, postponed to 2021 due to
COVID-19.

The current national pledges are not sufficient to
achieve an acceptable reduction in projected
global warming and, if the pledged reductions are
not increased, the consequences will be severe
across the globe. As mentioned in “Accelerating
Decarbonization of the US Energy System”
(NASEM, 2021), a firm national commitment and

demonstrable progress in the transition to net-

Reducing GHG Emissions

Primary Steps. The three primary ways to
mitigate greenhouse gas emissions are: (1) replace
energy from fossil fuels with carbon-free energy,
(2) increase energy efficiency, and (3) reduce/alter
consumption. Table 6 lists some of the actions
that must be taken to reduce emissions and
includes both an estimate of the emissions
reductions for the US and how the reductions
compare to the overall goal of an 80% reduction
of 2020 emissions by 2050. Note that most
emission reductions come by electrifying
transportation,  eliminating ~ greenhouse  gas
emissions from the production of electricity, and
the elimination of all fossil fuel use for heating in
all sectors. The decision to replace fossil-fuel-
powered energy production with carbon-free
technologies is not only driven by cost, but also by
state public utility commissions or local boards.
Consequently, it is critical to bring a coordinated
set of instruments to effect the transition to clean
electricity. Such measures would include a
combination of free-market principles, carbon
pricing, changes to public utility regulations, and
renewable energy systems. Furthermore, the
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zero emissions in the US would enhance its
leadership in clean energy and climate mitigation.
The report further states that the global demand
for clean energy and climate mitigation solutions
will reach trillions of dollars over the coming
decades. Taking a leadership role in addressing
global climate change therefore presents an
opportunity for the US to strengthen its economy
through comprehensive policies that bolster the
manufacturing  sector and  promote  the
innovations needed to make the transition to net

ZErO0.

combined actions listed in Table 6 still fall short of
achieving net-zero, underscoring the need to
further improve energy efficiencies and develop
technologies to enable pathways to our reduction

goals.

Technology Development. Technology
development is essential to achieving the
overarching goal of carbon neutrality by 2050.
Conversion from fossil fuels to renewable power
sources will help progress towards the goal, but
ultimate success will require some new
technologies (NASEM, 2021). For example, a

national high-voltage DC grid, an expanded

infrastructure of charging stations, and a variety of
energy storage devices, such as redox flow
batteries will be needed. Furthermore, the
development of enabling technologies for low-
carbon synthetic fuel production can help the
transition to carbon neutrality. Increased
investment in technology development, as well as
development of methods to validate the impact of

the technology, will ensure future success.
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Table 6. An example of fossil fuel emission reductions that will almost meet an 80% reduction target
(2019). Derived from 2019 US GHG emission data from EIA. (CC Data Center, 2021b; CC Data Center,

2021¢).

Emissions

Reduction % of 2050
Actions (MTCO2e) Goal*
Make the production of electricity either carbon-neutral or carbon- 1,592 34
negative
Replace 100% of internal combustion engine cars and trucks with either 1,161 33
electric vehicles or vehicles powered by fuel cells
Reduce industrial fossil fuel usage by 50% 784 17
Replace 90% of gas furnaces with heat pumps, geothermal 330 7
Replace 90% of gas hot-water heaters with heat pump water heaters 84 2
Total* 4,338 94

*Net emissions = 5788 MTCO2e = 6577 MTCO2e - 789 MTCO2e
from sequestration from the land sector =>2050 80% reduction goal =
4630 MTCO2e.
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Enact Net-zero or Carbon-neutral Legislation

Broad Goals. Given the required scale and short
timeline for effective climate action, leadership at
the federal level is essential. The stage has been set
with the Biden administration naming John Kerry,
the lead US negotiator in the Paris Agreement, as
the Climate Envoy along with a strong climate
team and return to climate-oriented policies.

Additional legislative action by the US Congtess is
required to strengthen the goals and direct the
appropriate agencies to monitor progress towards
the goals. The US climate response requires
legislation calling for net-zero emissions or carbon
neutrality (“100% clean economy”) by 2050, in
line with the EU and other advanced nations. As
shown in the schematic in Figure 13, such

legislation should direct appropriate authorities,
such as the Environmental Protection Agency
(EPA) to recommend interim goals and to
monitor, evaluate, and report on the progress of
the US in achieving the national goal. Legislative
action should further direct members of the
Cabinet to take actions in coordination with the
EPA using their existing authority as heads of
other federal agencies. The “100% Clean
Economy Act” (H.R.5221, 2020) and the “Clean
Economy Act” (8.3269, 2020), both proposed in
the 116th Congress, are respective house and

senate bills that set a national goal of net-zero

greenhouse gas emissions by 2050.

Figure 13. Roadmap Graphic for Climate Action. Legislative measures support and direct

decarbonizing the various sectors, as well as development of carbon capture and sequestration.

Policy initiatives and directives drive increased climate action in the various sectors. In addition,

short-term legislation establishes emissions goals and targets, technology investment priorities,

infrastructure investments, incentives for green processes and products, and carbon disincentives.

Longer term legislation guides and facilitates the continuation of the decarbonization processes.
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Interim Goals. Interim goals, as well as the
monitoring and evaluation of progress are critical
to a successful plan. In order to chart a successful
path to net-zero by 2050, a 50% reduction in
greenhouse gas emission from 2010 levels by 2030
is required. The most appropriate mechanism for
interim goals is through the UN IPCC NDCs, the
next of which is scheduled for COP-26. We
recommend more ambitious goals for the US than
at Paris - approximately 7% per year in order to
stay in line with the IPCC recommendations
limiting global warming to less than 2°C by 2100.
The shorter-term goals are aimed at all greenhouse
gas emissions and not just a particular sector (e.g.,
electricity generation). Short-term goals are critical
to driving the necessary changes to our
infrastructure  and  for  accelerating  the
implementation  of  existing  zero-emission
technologies. An important effect of the
intermediate-term  targets is to help drive
refinement of existing green technologies, as well
as needed research and development of carbon
capture and other negative emission technologies,

to achieve long-term goals.

The US carbon reduction targets need to be
strengthened to achieve carbon neutrality by 2050.
The reduction in economic activity from COVID
has led to the reduction of emissions at an
accelerated rate and provided an opportunity to
build needed infrastructure to enable accelerated
decarbonization of our economy. In addition,
some states have implemented more significant
carbon reduction goals, which can serve as a guide
to more ambitious national targets expected to be
announced at global climate conferences, and will
be instrumental for the US to regain its leadership
position in fighting climate change. The state
programs include carbon emission reduction
targets, carbon-free electricity targets, electric
vehicle mandates, and prohibition of natural gas
hookups. See State & Country Hmission

Reduction Targets & Mandates for further details.

Sector-Specific Goals. In order to achieve the
broad goals and targets, sector-specific targets to
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reduce greenhouse gas emission are required. For
example the “Moving Towards a Safe Climate
Act” (H.R.6171, 2020) directs the Department of

Transportation to publish a plan to reduce

greenhouse gas emissions from the transportation
sector to 20% of the 2005 level of overall
emissions in the US by 2040. Currently, the
transportation sector accounts for 29% of overall
emissions. However, the proposed emissions
target is not low enough to support a 50%
reduction of overall emissions from the
transportation sector by 2030. More detailed
sector-specific  legislation ~ with  appropriate
emission reduction targets is needed for each of
the sectors (Transportation, Electricity
Production, Residential and Commercial, Industry,
and Agriculture). In addition to setting targets, the
legislation should establish funding mechanisms to
make transitions to currently available green
technologies, as well as to support research and

development of technology improvements.

In addition to addressing greenhouse gas
emissions from power generation, buildings,
transportation, and the manufacturing sectors,
legislation must also address greenhouse gas
emissions from agriculture and food production.
The “Growing Climate Solutions Act” (5.3894,
2020; H.R.7393, 2020) encourages gtreen

agricultural practices and facilitates participation

of farmers, ranchers, and private forest
landowners in greenhouse gas credit markets. For
these markets to become effective, development
and implementation of agricultural practices to
store more carbon in the soil (Bossio, 2020) is

critical. For example, regenerative food systems
(Pearson, 2007) have been proposed as a means to

reduce greenhouse gas emissions associated with
agriculture and food production, as well as to
increase storage of carbon in soil. Methane
emissions from the agriculture sector must also be
addressed as part of a plan to get to net zero.

Carbon Fees, Permits, and Caps. Another
important function of climate action legislation is
establishing fees and incentives to respectively
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discourage  greenhouse gas emission and
encourage adoption of green technologies. A
variety of instruments and mechanisms have been
proposed, including fees, permits, caps, pricing,
and accounting for GHG emission in the setting
of rates. The use of economic measures (CPLC

2017; Stiglitz, 2019) to reduce pollution is a well-

established and accepted approach, and is
expressed in the 1992 United Nations Conference
on Environment and Development’s Rio
Declaration, of which principle 16 is known as the
“Polluter Pays” Principle” (UN, 1992). A carbon
fee of at least $50 per ton of CO, (Environmental

Defense Fund, 2021) is necessary to capture the

social cost of carbon. The appropriate fee is likely
higher to account for all of the now widely
accepted economic impacts.

State and Regional Fees and Mandates.
Carbon fees were introduced on the state and
regional level in North America as early as 2008,
as exemplified by British Columbia’s Carbon Tax
program (Province of British Columbia, 2021).

California joined with Quebec to enact a Western
Climate Initiative (Climate Xchange, 2021) in 2012
and established an Emissions Trading Program
(ARB, 2015) in 2013. Since then, California has
updated its legally enforceable mandates (2018) to

reduce emissions from electricity generation by
100% in 2045. In 2009 the Northeastern states of
Connecticut,  Delaware, = Maine,  Maryland,
Massachusetts, New Hampshire, New York,
Rhode Island, and Vermont implemented the
Regional Greenhouse Gas Initiative, known as
RGGI RGGI, 2021). In 2012, New Jersey joined
the RGGI, as did Virginia in 2020. The regional
approach exemplified by RGGI has been effective

in reducing cap levels on CO; emissions from the
power sector annually since 2014. A similar
approach in other US regions or preferably on a
national scale is essential to effectively limit
emissions in order to advance toward NDC and
IPCC targets.

Federal Carbon Fees. More recently, carbon fees
have been proposed at the federal level in bills
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introduced in the 116th Congress. The “American
Opportunity Carbon Fee Act” (S5.1128, 2020)
proposes fees on fossil fuel products, fluorinated

greenhouse gases, facilities that emit greenhouse
gases, and associated emissions across the supply
chain. It defines target attainment when
greenhouse gas emissions drop to 20% of 2005
levels. The “Carbon Reduction and Tax Credit
Act” (H.R.5457, 2020) proposes an excise tax

based on the carbon content of fuel. The “Climate
Action Rebate Act” (S.2284, 2020; H.R.4051,
2020) proposes a carbon fee for producers and

importers of fossil fuels and fluorinated
greenhouse gases. The emission targets stated in
these bills are 0% greenhouse gas emissions by
2050 and 45% of 2017 levels by 2030. The bills
further propose to deposit the fees into a climate
action rebate fund to be distributed to low-income
individuals and to be used for investment in
infrastructure, energy innovation, and assistance
for workers and communities to transition to a
cleaner energy economy. The “Raise Wages, Cut
Carbon Act” (H.R.3966, 2020) proposes similar
fees, but suggests that the revenues be used to
reduce Social Security taxes. The “SWAP Act”
(H.R.4058, 2020) is similar to H.R.3966, but, in
addition to using the revenues to reduce payroll

taxes, it proposes that the revenue also be used for
payments to Social Security beneficiaries and to a
carbon trust fund for block grants to offset higher
energy costs for low-income households, climate
adaptation, energy efficiency, carbon
sequestration, and research and development
programs. The use of carbon fees in combination
with rebates or trust funds to be distributed is
often referred to as “price with a dividend” or
“fee and dividend”.

Carbon Permits. Carbon permits have also been
proposed in the 116th Congress. For example, the
“Healthy Climate and Family Security Act” (5.940,
2020; H.R.1960, 2020) proposes to cap the

emissions of greenhouse gases through a

requirement for producers and importers of fuels
to purchase carbon permits, the proceeds of
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which would be deposited in a “Healthy Climate
Trust Fund” for distribution to the general public.
Permits would also be issued to any person who
has verifiably captured or sequestered carbon
dioxide from combustion of fuel, and those
permits could be traded. In order to achieve
greenhouse gas reduction, the number of permits
issued each year would decline. The proposed
target for 2040 is a reduction in carbon emissions
by 80% relative to 2005 levels.

Accounting for GHG Emissions in Setting
Rates. Another mechanism to engage market
forces to drive reductions of greenhouse gas
emissions is to consider the environmental cost in
pricing of goods and services. The “Energy Price
Act” (H.R.5742, 2020) directs the Federal Energy
Regulatory Commission (FERC) to ensure that

electric utilities take greenhouse gas emissions into
account when setting wholesale rates for the sale
of electricity. It further encourages states and state
commissions to incorporate the cost of
greenhouse gas emissions into wholesale rates for
electricity.

A Patchwork Approach is Inadequate. While
the patchwork of state and regional carbon fee
programs has had a positive impact in greenhouse
gas reduction, addressing the climate crisis and
adhering to NDC and IPCC targets requires a
national program that engages all states and
regions. In addition, limiting emissions sufficiently
to prevent global warming to 1.5°C will require
immediate and effective international cooperation.

International Border Fees. Carbon border fees
are an important tool for establishing incentives
for other countries to implement programs to
reduce greenhouse gas emissions. The 116th
Congress” “Energy Carbon Dividend Act”
(H.R.763, 2020) proposes fees on producers or

importers of carbon-bearing fuels or products
derived from those carbon-bearing fuels, as well as
carbon-intensive products, such as iron, steel,
aluminum, cement, and glass, or products made
from these materials. Border adjustments are also
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included in the “Healthy Climate and Family Act”
(8.940, 2020). The European Roundtable on
Climate Change and Sustainable Transition

recently produced a whitepaper, “Border Carbon
Adjustments in the EU: Issues and Options”
(Marcu e al. 2020), and the World Economic
Forum has reported that the EU is considering
catbon border fees (WEE, 2020) These fees
provide disincentives, as well as revenues that can
be used to help global GHG reduction efforts.

Encouraging a Circular Economy. A common
method to reduce waste is to use recyclable
materials, recover them through waste recycling,
and re-use them in production of new goods. A
more systemic approach - the circular economy -
can further reduce waste and improve
sustainability of economic activities. Public policy
can help drive adoption of circular economy
principles, lower GHG emissions, and promote a
sustainable economy. Certain EU countries and
Japan have taken the lead in developing circular
economies (European Commission, 2020b), which

provide models for adoption by the US and other
nations.

Comprehensive  Federal Legislation is
Needed. Of all the many recently proposed
pieces of legislation to address climate change in
the 116th Congress, only a single bill, the “Clean
Economy Jobs and Innovation Act” (H.R.4447
2020) has advanced to a vote. It passed in the

House of Representatives, was received in the
Senate (S.1183, 2020), and was referred to the

Senate committee on Energy and Natural

Resources. The stated purpose of the bill is to
establish an energy storage and microgrid grant
and technical assistance program. Included in the
bill is a series of amendments to existing
legislation, including acts dealing with building
codes, training programs, public utilities,
transportation and energy policy. This important
bill also establishes rebate programs to encourage
improved energy efficiency and grant programs to
encourage research and development in renewable
energy.
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A comprehensive and effective array of Federal
legislation must include the following key
components:
® Setting Broad Goals and Targets (G&T)
® Establishing Authority of Government
Agencies and Directors (EA)
® Setting Sector-Specific  Targets and
Timelines (SST)
® [stablishing Financial Incentives and
Funding (FIF)
e Hstablishing Research and Development
Grants (R&D)
® Tacilitating Large-Scale Implementation
(LSI)
e Updating Trade Agreements (T'A)

In addition, committees and caucuses focused on
the  climate  crisis can  craft  policy
recommendations and coordinate the legislative
action. The different purposes of legislation to
address  climate change, along with key
components, the affected sectors, relevant
congressional committees, and some example bills
are shown in Table 7. Movement on such
legislative initiatives at the national level is
imperative for the US to stay within its NDC and
IPCC targets and to regain its leadership role in
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climate actions. It must also establish mechanisms,
such as through active participation in UN COP-
26 and other international conferences to ensure
that other countries establish and meet emissions
targets to achieve the 1.5°C global warming
threshold.

Federal legislation must set the national goal for
climate action and empower the appropriate
federal agencies to take the necessary measures to
ensure progress towards the goal. Furthermore, it
must direct federal agencies to take action in a
manner that protects public health and safety and
distributes  the  associated  burdens  and
opportunities appropriately among demographic
and economic groups. Plans must be developed to
manage extreme weather events, such as in
expanding flood zones and addressing health
concerns from increased temperatures, ozone,
asthma, allergies, and infectious diseases.
Management of low-lying lands and vulnerable
communities, which are likely to suffer the worst
effects of flooding and storms, must be
prioritized.

Replace Fossil Fuels with Carbon-free Energy

An Ambitious Plan is Essential. An ambitious
plan to replace fossil fuels with renewable carbon-
free energy is essential to stay on the pathway to
Paris Agreement NDCs and limit climate change.
The US should take a lead in this transformation
from both a national perspective of “Building
Back Better” after COVID and from the
international perspective of providing renewed
global leadership on climate. These objectives can
best be accomplished with an aggressive timeline
through a combination of technology, legislation
and education. The COP-26 meeting in late 2021

is the appropriate conference for increasing

nationally determined commitments, which for
the US should be at least 50% reduction in
greenhouse gases from 2005 levels by 2030, a
critical step to achieve net-zero emissions by 2050.

Carbon-Free Electricity Enables GHG
Reductions in Other Sectors. Replacing fossil
fuels in generating electricity is a key requirement
for making transportation systems carbon-free.
While electric vehicles have no tailpipe emissions,
exchanging the burning of gasoline for electric
power made by burning fossil fuels does not
provide the needed GHG emissions reductions.
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Table 7. Federal climate legislation. Note: Examples of legislation for a given purpose do not

necessarily have all the components mentioned in the second column of the table.

Cootdination of Policy All Select Committee on the Climate Crisis
legislative action Recommen- (H), Senate Democrats’ Special

dations Committee on the Climate Crisis (S/2),

Climate Solutions Caucus (S & H),
Set Broad Goals (50% | G&T, EA All Energy and Commerce (H), Energv and | H.R.5221, S.3269
reduction by 2030; Natural resources (S)
catbon neutral by
2050)
Replace Fossil Fuels & | SST, FIF, LSI Electricity Energy and Commerce (H), Energv and | H.R.4447, S.1183,
Reduce GHG Production Natural Resources (S) H.R.5742, H.R.5457
Emissions: Electricity
Generation
Replace Fossil Fuels & | SST, FIF, LSI, Transporta- | Transportation and Infrastructure (H), H.R.6171, H.R.4447
Reduce GHG R&D tion Commerce, Science and Transportation | S.1183
Emissions: (S), Environment and Public Works (S),
Transportation Appropriations (H & S)
Reduce GHG SST, FIF, LSI, Residential Appropriations (H & S), Banking H.R.4447,5.1183
Emissions from R&D and Housing and Urban Development (S),
Buildings Commercial | Appropriations (H & S),
Reduce GHG SST, FIF, 1.SI, Industry Energy and Commerce (H), Energy and | H.R.4447, S.1183, S.1128
Emissions from R&D Natural Resources (S), Appropriations | H.R.5457, §.2284,
Industry H&YS), H.R.4051, H.R.763, S.940
H.R.1960

Reduce GHG SST, FIF, 18I, Agriculture Energy and Commerce (H), Agriculture | S.3894, H.R.7393
Emissions from R&D Nutrition & Forestry (S),
Agriculture Appropriations (H & S),
Reduce GHG G&T,R&D, LSI, | Industry, Science Space & Technology (H) H.R.763, S.940
Emissions by Carbon | FIF (Incentivize Agriculture | Commerce, Science and Transportation
Capture/ Sequestration) (S), Agriculture Nutrition & Forestry
Sequestration (S), Appropriations (H & S)
Incentivize National & | TA (Border fees, | All Ways & Means (H), Appropriations (H | S.1128, H.R.5457,

Global Cooperation

Technology
exchange)

& §), Banking Housing and Urban
Affairs (S), Committee on Finance (S),

Foreign Relations (S)

H.R.763, S.940, H.R.1960

A search of current net-zero legislative proposals can be found here: Legislative Search Results.
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Furthermore, eliminating fossil fuels from power
generation is a critical requirement for reducing
the GHG emissions associated with industrial,
commercial, and residential buildings. It is
imperative that all subsidies to the fossil fuel
industry end and be replaced by incentives for
renewables and directives to expand carbon-free
energy infrastructure.

Phase Out Coal. One of the most promising
ways to accelerate this transformation is by
phasing out coal-fired power plants. US energy-
related CO: emissions from coal have already
declined by more than 50% from 2007 to 2019,
and continuation of this trend for rapid coal
elimination is essential with about 75% needing to
shut by 2030 to stay below 1.5°C (IPCC 2018).
Phasing out coal will reduce CO2 emissions by
more than 1 billion metric tons annually (EIA,
2020b), and based on recent analysis (Gimon et al.
2019), local wind and solar could replace two
thirds of the US coal fleet with long-term savings
to customers. Moreover, the impact of coal is a
significant concern internationally, with coal-fired
electricity generation continuing to grow and
accounting for a substantial portion of global CO;
emissions world-wide (IEA, 2019). Retiring coal-

fired electric generation is both environmentally
and economically positive (Gimon et al. 2019) in

almost all circumstances, and should be
accelerated around the world. Bringing additional
governmental support to halt new coal plant
construction and to close existing coal plants as
soon as possible, regardless of their initially
perceived full economic life, will be important for
accelerating this transition and achieving a 1.5°C

climate solution.

Immediate  Reduction with Affordable
Technology. Replacement of fossil fuels by
renewable energy, including renewable on-shore
and off-shore wind and solar power, combined
with intensified electrification, is the most
technologically and economically sound way to
immediately reduce emissions with the ultimate

goal of net-zero emissions (Jacobson, 2020) by
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2050. A study entitled “Global energy
transformation: A roadmap to 2050” from the
International Renewable Energy Agency (IRENA

2019) highlights immediately deployable and cost-
effective options for the US and other countries
to fulfill Paris Agreement NDCs climate
commitments and to limit the rise of global
temperatures. The recent report from the National
Academies  (NASEM, 2021)  details the
transformation to clean electric power in the US.

Such an energy transformation will also reduce
costs of energy production and bring significant
socio-economic benefits to society, including
increased economic growth, job creation and
overall welfare gains. Because of equipment life
cycles - from power plant facilities, to grid
components, to vehicles and appliances - it is
critical to stop the construction and sale of high-
GHG-emission facilities and equipment as we
begin the transition to low- and zero-emission

technologies.

Clean Energy Economics. For new facilities, the
projected levelized cost of generating electricity
from renewables (Lazard, 2020) is now less than

the levelized cost of new facilities generating
electricity from coal, natural gas and nuclear fuel.
The economic competitiveness of renewables is
illustrated in Figure 14, which shows the trends
over the past decade for levelized cost of
electricity (LCOE) from various power sources.
As described in “Renewable Power Generation
Costs In 20197 (IRENA, 2020) the determinants
of LCOE are total installed costs, lifetime capacity

factor, operation and maintenance costs, the
economic lifetime of the project, and the cost of
capital. In Figure 14, the power sources are sorted
by lowest cost per kWh for 2019, with increasing
current cost from left to right.

For new facilities, the projected levelized cost of
generating electricity from renewables (Lazard

2020) is now less than the levelized cost of new
facilities generating electricity from coal, natural

gas and nuclear power. In some locations
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worldwide, the projected levelized cost of new
wind and solar installations is already less than the
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marginal cost of operating existing coal and
nuclear power plants (Lazard, 2020).

Figure 14. Global LCOEs from newly commissioned utility-scale renewable power generation

technologies, 2010-2019. Renewable energy has become an increasingly competitive way to meet new

power generation needs (Replotted from Lazard Levelized Cost of Energy Comparison, Historical
Utility-Scale Generation Comparison) (Ray & Douglas, 2020, © Lazard, 2020, all rights resetved).

Note: CSP denotes concentrated solar power (as compared to Solar PV, which denotes solar

photovoltaics).

Continuing Trend. The worldwide trend of
lower levelized cost for solar and wind is expected
to continue through the 2020’s according to
multiple reports. An example of how lower costs
have affected decisions by utilities is an
announcement in 2019 by the Los Angeles
Department of Water and Power, or LADWP
(Los Angeles Times, 2019). A multi-year contract
allows LADWP to buy eclectricity at an

exceptionally low price of less than $0.035 per
kWh from a new solar facility to be constructed in
the Mojave Desert. The facility also will include
energy storage to extend the time during the day
when the facility can provide electricity to the grid.
Although LADWP customers will pay additional
costs for transmission and distribution, the low
generation cost suggests customers need not pay
more for electricity generated from renewables,

even in areas not as ideal for solar as the Mojave
Desert.

Wind-Generated  Electricity Costs  are
Declining. By 2030 wind-powered electricity
costs are expected to decline 50% compared to
2017. The ever-lower cost for new solar and wind
could put pressure on utilities to replace existing
fossil fuel plants before the end of their useful life.
An issue for regulators in the US, and likely other
countries as well, is that of who should absorb the
decommissioning costs if a fossil-fuel-powered
generation plant is taken out of service, whether
decommissioned  before 2050 because of
economics ot in 2050 to meet a GHG mandate --
utility rate payers, utility shareholders or both?
Policy directives, e.g., preventing utilities from
building fossil-fuel-based power plants as soon as
possible, would allow sufficient time to recoup
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investments in existing plants. For plants that are
decommissioned before the end of their useful
life, mechanisms can be established to roll some
cost into the price/kWh of electricity, with
appropriate limits to prevent undue gain from the
rate increase. Another issue facing regulators in
the coming decade is whether to allow more
micro-grids within a utility’s service area, especially
micro-grids based on lower-cost solar installations.
Possible ways to address the challenges posed
include: 1) mechanisms to help predict generating
requirements, such as restrictions on net metering,
and 2) mechanisms to allow utilities to earn return
on investment by funding the cost and installation
of solar panels for the microgrids and collecting a
monthly service charge.

Net DPositive Effects on Employment.
Proposals for rapid transition of primary energy
sources from fossil fuels to zero-carbon sources
are frequently cast as ones that will reduce
employment and slow economic growth. Such
concerns are often cited in regions where coal
mining and/or oil extraction are significant parts
of the local economy. Some localized job
dislocation might occur as a result of the
transition to zero carbon. Efforts must be made to
provide alternative local jobs associated with the
transition and with maintaining the zero-carbon
energy industry. A recent study (NASEM, 2021)
has recommended additional workforce retraining,

and based on experience when other technologies
have been replaced, the US should experience job
growth with the transition to renewable energy.

Pollution and Climate Change Have
Associated Costs. Numerous studies suggest that
transitioning to renewables will reduce costs
associated with air and water pollution caused by
burning fossil fuels. One of many studies available
is from the Union of Concerned Scientists (UCS,
2021). There are also studies citing costs for the
impact of rising sea levels on coastal areas and
cities worldwide. One such study was published
by the EPA (EPA, 2017). Many other studies ate
available on the impact of sea level rise, as well as
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possible  negative impact on  agricultural
production and food supply.

Subsidies and Resisting Change. There has
been controversy in the US about the tax benefits
and subsidies for renewables, and arguments
against such incentives fail to acknowledge the
history of subsidies and tax benefits for the fossil
fuel industry. While some companies in the fossil-
fuel industry have been resisting the transition to
renewables, several major oil companies — BP (BP,
2021), Shell (Shell, 2020), and ExxonMobil
(ExxonMobil, 2021) have begun revamping

business plans to incorporate more revenue from
renewables. Eliminating subsidies for fossil fuels -
especially phasing out the depletion allowance -
would accelerate the transition to renewables.

Worker Safety. The coal industry represents
considerable healthcare challenges for its workers.
At 10-11 fatalities per 100,000 workers, coal
mining jobs (CDC, 2021) have above-average

work-related fatality rates, in addition to posing
long-term health risks for workers (black lung
disease and silicosis). Furthermore, the operation
of coal mines has an adverse environmental
impact on the surrounding community, and the
burning of coal in power plants nationwide
contributes to air pollution that has adverse health
effects on humans. Officials from coal mining
regions would better serve their constituencies, as
well as the general population, by helping their
regional economies transition from coal mining to
renewables or other industries that are important
for a green economy. An important part of the
responsible transition to clean energy is ensuring
that no particular group suffers significant
economic harm. Creating job opportunities where
fossil fuel jobs are lost is a necessary part of the
transition plan, and those jobs can be in the
manufacture and assembly of renewable energy
systems. Training programs should be an integral
part of the transition plan to help workers move
to green energy jobs from coal mining, fracking,
and other fossil fuel jobs. Abandoned coal mines
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and depleted oil and gas fields have been
considered as possible sites for CO2 sequestration
(Piessens & Dusar, 2003 and Raza et al, 2010).

Maintaining and operating such sites would draw

on skill sets found in the fossil fuel industry.

Ample Capacity from Renewables. In addition,
it is asserted that the fossil fuel industry is needed
to provide the power for converting the
transportation sector to electric vehicles. As the
power generating capacity from renewables is
increased, more jobs will be created, and the
demand from transitioning the transportation
sector to electric vehicles can be met without the
need to maintain our fossil fuel consumption.
Between solar power (Deng ¢ a/. 2015) and wind

power (CSS, 2020) generation, there is ample

capacity that can be steadily added. Studies have
shown, e.g. that increases in US electricity demand
from light duty electric vehicles will likely be from
570 to 1140¢I'Wh (Fox-Penner e al 2018).
However, the anticipated growth in the electric

sector capacity will be able to accommodate
electric vehicles, and transport electrification
should therefore remain a cornerstone of

decarbonization policy.

What about China? Yet another justification for
maintaining our use of fossil fuels is that China

continues to build coal-fired power plants. China’s
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increased use of coal-fired power plants is
tempered by the government’s interest in reducing
air pollution, which can be quite severe. In 2008,
factories and power plants had to shut down to
make the air quality acceptable for the Beijing
Olympics (Li, 2008). Furthermore, if the US adds
significant border fees to any products made in

China that account for China’s failure to reduce
their use of fossil fuels, more manufacturing jobs
will return to the US, and China will see its
manufacturing business decline, unless it acts to
reduce its fossil fuel consumption. Furthermore,
US global leadership on this issue is essential and
can create opportunities to export renewable
energy technologies to other countries.

Similar distraction from attention and focus on US
efforts is attempted by discussion of the EU’s
plans, casting doubt on the EU’s ability to meet
emission reduction goals, given the same kinds of
challenges that reduction efforts face in the US.
As in the US, the EU has a choice of paths to a
zero-emission future. The optimal path, enabled
by appropriate interventions, could achieve net-
zero emissions at net-zero cost (McKinsey, 2020).

US global leadership can help other countries and
international unions find the right paths, and
provide economic opportunity for US companies

engaged in renewable energy and related markets.

Electrify and Decarbonize Transportation Systems

Transportation systems account for roughly 28%
of all GHG emissions (EPA, 2020¢) in the US (1.9
GT of more than 6.6 GT total GHG emissions in
2018). Transitioning the entire fleet of existing

transportation vehicles to zero-tailpipe emissions
will be an effective albeit gradual way to
substantially reduce greenhouse gas emissions.
The average age of light-duty cars and trucks
(Bureau of Transportation Statistics, 2021) is

approaching 12 years and the useful life can

approach 20 years. The average annual miles
traveled for various vehicle categories are shown
in Figure 15. According to Department of Energy
(Alternative Fuels Data Center, 2020) data, miles

travelled for the heaviest trucks, which have the
highest GHG emissions per mile, average 62,800
miles per year compared to 11,500 miles per year
for lighter-duty cars/trucks. Given the long life of
vehicles, these assets must be replaced with net-
zero alternatives at the end of their life cycle.
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Average Annual Miles Traveled by Major Vehicle Category
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Figure 15. Miles travelled per year by general category of vehicle. Emissions per mile increase with
the size of the vehicle (Alternative Fuels Data Center, 2020).

The useful life of many off-road vehicles, marine
craft (USDA Agricultural Marketing Service, 2000)
and aircraft (Bureau of Transportation Statistics

2021) can exceed 20 years. Emissions regulations
for these vehicles have been less stringent than
on-road cars and trucks.

To achieve zero-tailpipe emissions by 2050 will
require that all vehicles become electric or use
zero-carbon fuel. We believe existing or soon-to-
be introduced electric-power technology can be
used to achieve zero-tailpipe emissions by 2050.
Virtually all major light-duty car/truck and heavier
truck/bus manufacturers offer or soon will offer
models with zero-tailpipe emissions - see
CALSTART’s listing of electric models by
(CALSTART,  2020).  Given

currently available technology, most electric trucks

manufacturer

will be used in regional applications with limited
daily range. Some applications will necessarily
include “opportunity charging” during the day.

Over time, upgrades to batteries, capacitors
and/or fuel cells will extend the range between
charges and broaden use to longer-haul, over-the-
road applications. As shown in Figure 16,
increases in energy density are projected out to
2035 for a variety of electrochemical devices with
solid state Li-metal anode batteries being the most
promising. Continued support for research and
development into high density batteries will lower
cost and improve performance in the transition to
electric vehicles.

Technology for recharging electric vehicles is
well tested. Availability of charging stations for
recharging electric vehicles (DOE Office of

Energy Bfficiency, 2021), especially rapid charge
locations, needs to be expanded throughout the
US. Introduction of other types of recharging —
inductive, e.g. — would make recharging more
convenient but is not required to achieve the 2050
target.
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Figure 16. The history, current state, and development of Li-ion batteries (adapted with permission

from (Lu et al. 2019). Data for high-density battery technology are from Contemporary Amperex
Technology (CATL), Lishen, Samsung SDI, LG Chem, SK Innovation (SKI), and Gotion. Data for
high-density battery technology under development are for CATL, Lishen, SDI, SKI, and LG Chem.
Programs in the US, Japan, and the People’s Republic of China (PRC) have an energy density goal

of 500 Wh/kg.

Fuel Cells. Using fuel cells can extend the range
of all electric vehicles. Fuel cells are ideally suited
for heavier trucks. Incorporating fuel cells in
heavier trucks would reduce the size of the battery
pack required and result in extended range
compared to using 100% batteries.

Most fuel cells use hydrogen as feedstock. Some
work is being done on developing fuel cells with
feedstock of common liquids that could be easily
distributed to appropriate locations. Using these
liquids would reduce the need for distribution of
hydrogen to more remote areas. Additional
government funding for development of fuel cells
would help increase the likelihood of achieving
the 2050 zero-emission target. Versions of fuel
cells using common-liquid feedstock could
provide electricity in remote areas or provide
supplemental power to localized grids.

Lower-Carbon Fuels. In addition to electric-

power, increased use of green hydrogen (Bartlett

& Krupnick, 2020) could be used to eliminate
tailpipe emissions, especially for larger, over-the-

road trucks. While the infrastructure for
recharging and/or for production and delivery of
hydrogen is being expanded, increased use of
much lower-carbon 100% biodiesel and similar
fuels could immediately reduce emissions on
existing diesel trucks. Based on data collected
during pilot programs, municipal fleets have
experienced a reduction in GHG emissions of
75% (REGI, 2021) using 100% biodiesel, even in
very cold weather.

Trucks. Initial cost for electric-powered trucks,
and cars, has been an issue. While the price
premium for electric cars has declined with higher
volume, the combination of low volume and the
size of the battery pack in trucks has resulted in a
substantial premium over comparable diesel
trucks. Even though operating costs and total life-
cycle costs are projected to be lower for electric
than diesel, some incentives are likely to be
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needed to accelerate the purchase rate. An option
for lowering the initial purchase price of electric
vehicles is to separate the cost and/or separate the
funding of the battery pack. The cost of the pack
is the equivalent of “pre-paying” a substantial
portion of several years worth of fuel.

For heavier marine craft and/or aircraft, much of
the technology and/or liquid fuels for heavier
trucks should be transferable with limited product
development required.

A non-technology issue is to ensure all internal-
combustion engine vehicles are off the road by
2050, save very low-mileage antique vehicles.
Removing vehicles from use can be accomplished
through a buy-back program.

Buses. Electric transit buses are currently
available. Periodic stops can be used for rapid
“opportunity charging” that extends range and
operating time. The equipment for such rapid
recharging is currently available. Proterra
(Proterra, 2021) is an example of a company that
can help municipalities select: (i) electric-powered
buses; (ii) number and type of charging stations to
match routes; (iii) options for financing. The
American Public Transit Association (APTA) has
a number of white papers and technical
information about how to transition various
components of the transit fleet to zero-
(American Public
Transportation Association, 2021).

emission/low-emission:

Like heavier-duty trucks, mass transit vehicles
have a long useful life. To achieve immediate
reductions in GHG emissions in transit buses,
relatively low-cost equipment can be added to the

Improve Efficiency of Buildings

Buildings and communities (10 GTCOze globally
in 2020) present a good opportunity to reduce
GHG emissions (UNEP, 2020a). Currently,
operating the existing stock of buildings generates
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diesel engine to allow use of 100% biodiesel.
Using 100% biodiesel transit buses should realize
a similar 75% reduction in GHG emissions
(REGI, 2021).

Rail. Electric fixed-rail transit has long been
available using a 3rd raill or pantograph.
Auvailability of battery electric trains is limited but
could increase with use of fuel cells for recharging
the battery pack. Diesel locomotives currently
used for mass transit can be converted to use
biodiesel for immediate reduction in GHG
emissions. Most commuter rail has terminal points
where complete battery recharging or refueling

can be completed.

Charging Infrastructure. Along with increasing
zero-emissions vehicular use, planning for the
infrastructure required to meet the new recharging
and refueling needs is essential. While battery-
powered electric vehicles (EV) require a longer
recharging time than refueling with gasoline, the
user is not restricted to a “public refueling”
location as with gasoline. Recharging cars can be
done wherever there is an electric outlet. For
example, users can recharge vehicles overnight
using a 120V outlet at home or in an urban
parking garage. The current public infrastructure
for fast charging will likely prove suboptimal when
the number of electric vehicles rapidly expands.
Because of the lead development time and zoning
restrictions in many locations, we recommend
urban planners, utility planners and design
engineers work toward a multi-vehicle charger
with a smaller footprint that can be distributed
across communities. For hydrogen and biodiesel
fueled vehicles, current gasoline infrastructure can

be upgraded and utilized.

and Communities

38% of energy related carbon emissions while
building new ones incur 10% of upfront carbon
cost in the materials and processes used and 35%

of energy wused globally. Moreover, annual
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progress in decarbonization in this sector was
halved from 2016 to 2020. Planning for and
curbing the effects of climate change is even more
critical for flood-prone communities. For example
300,000 US coastal homes, with a collective
market value of about $118 billion, are at risk of
chronic inundation in 2045 (UCS, 2018). Flood
risks around the world (WRI, 2020) will affect
upwards of 15 million people and $177 billion in

urban property will be impacted annually by
coastal flooding by 2030, while more than 130
million people and $535 billion in urban property
will be impacted annually due to riverine flooding.
The required infrastructure investments to
mitigate the impacts of flooding are social costs of
climate change that will increase dramatically if
action is not taken to limit climate change.

Use Simulation-Driven Decision Making.
Regional planners and policy makers should
harness computing power to help plan, zone, and
design at a more holistic level for a longer time
horizon. Open-source program, CityScope (MIT
Media Lab, 2021), allows for the incorporation of

behavioral patterns into simulations to help solve
spatial and urban design challenges. For example,
it can help increase walkability in a community

and lower traffic-related carbon emissions, and
optimize  the placement of electric vehicle
chargers (Fredriksson ef a/. 2019). Urban Modeling
Interface, or UMI (Reihnhart e/ a/. 2013) allows
planners to simulate and quantify (Alonso ez 4l

2018) the impact of various measures, such as
green walls (Mulhern, 2020), green roofs, better

insulation, and adding street level vegetation (Lan
et al. 2020). Similarly, architects can use UMI to
guide their designs and balance the operational
and embodied carbon of new buildings. Together,
such simulations assist in the maximizing resource

allocation and optimally reduce carbon emission.

Modernize Energy Production, Storage, and
Distribution. Industrial processes, together with
electricity production, currently account for about
half of US annual GHG emissions. These

emissions result from processes, such as fossil fuel
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combustion for heat and energy, non-energy use
of fossil fuels, and chemical processes used in
iron, steel, and cement production. It is important
to set carbon intensity reduction guidelines to
encourage these sectors to control such emissions.

Instead of relying on fossil fuel for energy,
electrification and renewable power hold the key
to markedly reducing our carbon footprint. Given
that power generation from renewables, such as
wind and solat, tends to be intermittent and our
present-day electricity demand is more variable,
smart grids (Rifkin, 2021) powered by artificial
intelligence  (AI) are needed to connect,
communicate, and optimize the distribution of
power in communities. Consequently, each
building has the potential to become a micro
renewable power producer. Also, renewable
power storage systems, e.g., green hydrogen
carriers (e.g., ammonia, formic acid, etc.), solid
state batteries, or pumped storage hydroelectricity,
should be utilized to solve the intermittency issue
(Fares, 2015) and enable carbon emission

reduction via electrification. Overhauling the
transmission and storage system across the entire
nation will require time and needs to be
commenced as soon as possible. Meanwhile,
blending green hydrogen could quickly reduce the
carbon content of natural gas, which currently
accounts for a third of US total primary energy
consumption.

Increase District Energy Usage. District energy
systems hold the potential to significantly reduce
operational emissions of the existing building
stock. Together, heating and cooling homes
produce 441 MT CO: annually in the US.
Centralized heat production is more efficient than
operating individual furnaces, boilers, and electric
baseboards. It also provides the opportunity to
utilize waste heat (Data Center Frontier, 2020),

capture emissions from a point source, and is well-
suited for industrial zones and densely populated
areas. The US already has installed capacity to
serve 5.5 billion ft2 of heated floor space (ELA,
2018). District energy can also be used to serve

43


https://www.ucsusa.org/resources/underwater�
https://www.wri.org/news/2020/04/release-new-data-shows-millions-people-trillions-property-risk-flooding-infrastructure�
https://cityscope.media.mit.edu/�
https://cityscope.media.mit.edu/�
https://cityscope.media.mit.edu/�
https://youtu.be/5EEyB-rsHew�
https://www.sciencedirect.com/science/article/pii/S1877050919316618�
https://www.sciencedirect.com/science/article/pii/S1877050919316618�
https://www.sciencedirect.com/science/article/pii/S1877050919316618�
https://www.sciencedirect.com/science/article/pii/S1877050919316618�
https://www.sciencedirect.com/science/article/pii/S1877050919316618�
http://web.mit.edu/sustainabledesignlab/projects/umi/index.html�
http://www.ibpsa.org/proceedings/BS2013/p_1404.pdf�
http://www.ibpsa.org/proceedings/BS2013/p_1404.pdf�
http://www.ibpsa.org/proceedings/BS2013/p_1404.pdf�
http://www.ibpsa.org/proceedings/BS2013/p_1404.pdf�
http://www.ibpsa.org/proceedings/BS2013/p_1404.pdf�
https://www.researchgate.net/profile/Ariel-Noyman/publication/326565405_CityScope_A_Data-Driven_Interactive_Simulation_Tool_for_Urban_Design_Use_Case_Volpe_Proceedings_of_the_Ninth_International_Conference_on_Complex_Systems/links/5f0b7f744585155050a2c0af/CityScope-A-Data-Driven-Interactive-Simulation-Tool-for-Urban-Design-Use-Case-Volpe-Proceedings-of-the-Ninth-International-Conference-on-Complex-Systems.pdf�
https://www.researchgate.net/profile/Ariel-Noyman/publication/326565405_CityScope_A_Data-Driven_Interactive_Simulation_Tool_for_Urban_Design_Use_Case_Volpe_Proceedings_of_the_Ninth_International_Conference_on_Complex_Systems/links/5f0b7f744585155050a2c0af/CityScope-A-Data-Driven-Interactive-Simulation-Tool-for-Urban-Design-Use-Case-Volpe-Proceedings-of-the-Ninth-International-Conference-on-Complex-Systems.pdf�
https://www.researchgate.net/profile/Ariel-Noyman/publication/326565405_CityScope_A_Data-Driven_Interactive_Simulation_Tool_for_Urban_Design_Use_Case_Volpe_Proceedings_of_the_Ninth_International_Conference_on_Complex_Systems/links/5f0b7f744585155050a2c0af/CityScope-A-Data-Driven-Interactive-Simulation-Tool-for-Urban-Design-Use-Case-Volpe-Proceedings-of-the-Ninth-International-Conference-on-Complex-Systems.pdf�
https://www.researchgate.net/profile/Ariel-Noyman/publication/326565405_CityScope_A_Data-Driven_Interactive_Simulation_Tool_for_Urban_Design_Use_Case_Volpe_Proceedings_of_the_Ninth_International_Conference_on_Complex_Systems/links/5f0b7f744585155050a2c0af/CityScope-A-Data-Driven-Interactive-Simulation-Tool-for-Urban-Design-Use-Case-Volpe-Proceedings-of-the-Ninth-International-Conference-on-Complex-Systems.pdf�
https://www.researchgate.net/profile/Ariel-Noyman/publication/326565405_CityScope_A_Data-Driven_Interactive_Simulation_Tool_for_Urban_Design_Use_Case_Volpe_Proceedings_of_the_Ninth_International_Conference_on_Complex_Systems/links/5f0b7f744585155050a2c0af/CityScope-A-Data-Driven-Interactive-Simulation-Tool-for-Urban-Design-Use-Case-Volpe-Proceedings-of-the-Ninth-International-Conference-on-Complex-Systems.pdf�
https://www.researchgate.net/profile/Ariel-Noyman/publication/326565405_CityScope_A_Data-Driven_Interactive_Simulation_Tool_for_Urban_Design_Use_Case_Volpe_Proceedings_of_the_Ninth_International_Conference_on_Complex_Systems/links/5f0b7f744585155050a2c0af/CityScope-A-Data-Driven-Interactive-Simulation-Tool-for-Urban-Design-Use-Case-Volpe-Proceedings-of-the-Ninth-International-Conference-on-Complex-Systems.pdf�
https://earth.org/data_visualization/green-walls-in-an-increasingly-urban-world/�
http://web.mit.edu/sustainabledesignlab/projects/UMIverse/2020_Paris/2020_Paris.pdf�
http://web.mit.edu/sustainabledesignlab/projects/UMIverse/2020_Paris/2020_Paris.pdf�
http://web.mit.edu/sustainabledesignlab/projects/UMIverse/2020_Paris/2020_Paris.pdf�
http://web.mit.edu/sustainabledesignlab/projects/UMIverse/2020_Paris/2020_Paris.pdf�
http://web.mit.edu/sustainabledesignlab/projects/UMIverse/2020_Paris/2020_Paris.pdf�
https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/energy-resources/Smart_Regions_Smart_Cities.pdf�
https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/energy-resources/Smart_Regions_Smart_Cities.pdf�
https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/energy/energy-resources/Smart_Regions_Smart_Cities.pdf�
https://blogs.scientificamerican.com/plugged-in/renewable-energy-intermittency-explained-challenges-solutions-and-opportunities/�
https://datacenterfrontier.com/waste-heat-utilization-data-center-industry/�
https://www.eia.gov/analysis/studies/buildings/districtservices/pdf/districtservices.pdf�
https://www.eia.gov/analysis/studies/buildings/districtservices/pdf/districtservices.pdf�
https://www.eia.gov/analysis/studies/buildings/districtservices/pdf/districtservices.pdf�

A Roadmap for Responding to Climate Change

commercial, institutional, and hospitality spaces,
as these tend to be clustered together. As power
generation in the US moves away from fossil
fuels, district energy systems that are powered by
cogeneration plants should become less carbon
intensive as well. However, cogeneration plants
will never be zero carbon, hence other
electrification approaches must be used. The use
of geothermal wells (Federation of Canadian

Municipalities, 2021), waste-to-energy systems (BC
Climate Action Toolkit, 2021), and other
renewable energy sources (I'schopp et a/ 2020)

and use of techniques such as heat pumps must
occur to further reduce carbon emissions from

heat and hot water requirements.

Thermal Micro District Building Energy. A
new form of ‘micro-district’ building thermal
systems (Schulman, 2020) based on 2-pipe

“ambient loop” heat pump technologies has
proven exceptionally cost effective. Most net-
zero-energy buildings such as new secondary
schools (Torcellini ¢z al. 2020) are being built with

these systems and are even showing profits
(Madson, 2021). Leading organizations such as
ASHRAE (Spitler & Southard, 2014) and NREL
(Torcellini ez al. 2020) have studied and reported
on these systems strongly confirming their efficacy

and economic benefits. Conversion of whole
campus HVAC systems has already occurred
(University of Wisconsin, 2014; Colorado Mesa

University, 2021) with more underway and

proposed. While these new systems are well
proven and cost effective, significant barriers to
their rapid deployment exist, especially in the form
of Uninformed Engineers.

Step Up Energy Efficiency Incentives. With
about 80% of the existing housing stock being
single-family dwelling units, steeper carbon tax in
conjunction with more attractive, tiered financial
incentives or assistance could be offered to
quickly encourage individuals to step up their
energy efficiency. A better insulated home will
reduce heating and cooling needs, which account
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for about 35% - 50% of energy needs. Simply
upgrading from old equipment to new ENERGY
STAR-qualified furnaces or boilers could mean
increasing the fuel utilization efficiency from a
56% - 70% range to 99%. As an interim strategy,
such upgrades can help reduce emissions.
Converting to electric powered heat as electricity
production becomes fully decarbonized will
provide a net-zero option. Furthermore,
converting  antiquated  heating  equipment
(Mass.gov, 2021) to heat pumps could reduce

operational carbon emissions even more, with
increases in coefficients of performance from
250% (low end air source heat pumps) to 550%
(geothermal  heat pumps). Similarly, for
households in warmer or tropical climates, new
higher efficiency air-conditioning units without
ozone-damaging refrigerants should replace older
units; cooling units that harness solar thermal
technology (Lim, 2017) could further reduce
carbon emissions and avoid the urban heat island

effect. Annual net-zero-energy (DOE Website

2021) and zero-carbon (New Buildings Institute,

2019) building approaches are becoming well
proven and more widely known, and they should
be increasingly adopted by all parties.

Lower Embodied Carbon in Construction.
Every new construction or renovation has the
potential to incur upfront carbon costs in the
choice of materials used and/or the fuel to power
onsite generators. At the same time, it presents the
opportunity to employ innovative technologies
and sequester carbon dioxide. Attaching a carbon
intensity score that accounts for life-cycle GHG
emissions to a material, as shown in Figure 17, will
help guide choices toward materials and fuels with
smaller  carbon  footprints. For  example,

conventional concrete has a high carbon footprint

(Guardian, 2019). Green concrete, on the other
hand, uses carbon sequestering technologies, such
as  CarbonCure (CarbonCure, 2021) and
Carbicrete (Carbicrete, 2018), and provides a path

to reduce embodied carbon. However, materials

produced using these new technologies might cost
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more than conventional options and construction
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regulations are needed to encourage their use.

Figure 17. Cradle-to-Grave GHG Emissions (Modified from C40 Knowledge Hub, 2021 using icons

designed by macrovector / Freepik; Zizzo et 2L 2017).

Policy Implications. Building codes should
include increasingly stringent requirements on life
cycle GHG emissions (Figure 17). With explicit
caps on embodied carbon by building type, the
updated building codes would also encourage the

use of the "passive home standard" for all
residential construction. Building permits on new
construction or major renovations can then be
issued or denied accordingly. Infrastructure
engineering and construction bids should also
include a life cycle GHG emissions line item.
Entrepreneurs should be encouraged to take heed
and bring to market more green building solutions
as well as tools to quickly and efficiently perform
GHG emissions life cycle analysis (LCA).
Financial incentives can be awarded for
developments that lower GHG emissions beyond
a set point, and regulators could even consider a
tiered reward or penalty program that is linked to
property tax.

Europe has been regulating embodied impacts and
the Netherlands provides a best practice case
study. Since 2013, the Dutch Building Act has
required all buildings exceeding 100 m? (1076 ft?)
to account for their cradle-to-grave embodied
impacts using a standardized assessment method

(Bouwkwaliteit, 2014) and an associated database.

The assessment assigns a shadow price to 11 LCA
categories; these shadow prices combine to form
one assessment metric. There is a mandatory cap
of 1 EUR per square meter per yeat. Table 8 lists
other leading examples of embodied carbon
reduction strategies for consideration.

Regulating infrastructure life cycle carbon
emissions will have an indirect but desirable
impact on industrial emissions control, especially
when the carbon price is sufficiently high.
Otherwise society will bear the real cost of climate
change damages. Manufacturers of building
materials and fixtures will try to reduce their own
carbon  footprint and  choose  greener
transportation modes to make their products
more competitive. Construction companies will
clean up their practices to win more contracts.
Given the linkages among these sectors and their
suppliers, the impact on emissions control will
spread beyond building related manufacturing. We
recommend publicizing the policy and its impact
and letting consumers guide the rest of the
economy towards lower life cycle carbon intensity
(Frank, 2020).
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Table 8. Examples of embodied carbon reduction strategies Source: Toronto Atmospheric Fund;

(Architect Magazine, 2021).

Country Policy

Germany

Whole-building LCA required for new federal building projects as part of a mandatory
green building rating program; Points are awarded as a function of performance against a
benchmark; National LCA / Environmental Product Declaration (EPD) database and
free national whole-building LCA software tool

France Voluntary building labels and incentives for embodied carbon and net-zero energy

database

consumption targets; Voluntary program expected to become mandatory; Manufacturers

wishing to make environmental marketing claims must submit an EPD to the national

Switzerland

Whole-building LCA required for all new government buildings in several Swiss
municipalities, including Zurich, with an embodied carbon performance target for some
building types; National call-to-action (the “2000-Watt Society”) limits per-capita energy
consumption and GHG emissions, including embodied GHGs

Sweden Large transport infrastructure projects (roads, rail, tunnels) required to calculate and

report embodied carbon; Monetary incentives awarded if embodied carbon is below a
specified target; National LCA-based tool / database

Belgium Manufacturers making environmental marketing claims must submit an EPD to the

national database

Reform Land Management and Agricultural Practices

A Complex Dilemma. Land management and
agricultural practices present a complex dilemma
in relation to climate change, especially in the
developing world, where the conflicting needs to
preserve the ecosystem and to provide economic
opportunities for the population are difficult to
balance. The global food security issue alone puts
expansion of agricultural lands in conflict with
forest preservation. To balance the conflicting
needs will require a coordinated set of measures
(Bahar ez 4/ 2020) including carbon price,

reforestation programs, no-deforestation policies,
as well as improved practices to enhance crop
yields, reduce waste, and transition to less energy-

intensive diets.

Protect Primary Forests. Today, we have only 4
billion hectares of forests of which only 1 billion
hectares remain untouched by humans. These
remaining billion hectares are the world’s
remaining primary forests and they include the
Amazon Rainforest in South America, Tongass
National Forest in Alaska, and Great Bear
Rainforest in British Columbia. There is an urgent
need for forest protection (Project Drawdown,
2020). Forest trees absorb carbon dioxide and

sequester it in their trunks, branches, leaves, and
soil. Forests also house complex ecosystems
(Llad6 et al. 2017) that influence a forest’s ability

to hold carbon, which potentially impact the
feedback between the climate and the global
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carbon cycle. Primary forests hold approximately
141 GT of carbon.

Preserve Old Growth. Research (Kohl ez al
2017) has shown that 70% of all the carbon stored
in trees is accumulated in the last half of their
lives. The older the tree, the more stable its
carbon sequestration. Furthermore, cutting down
old growth and introducing young and short trees
in its place changes the forest canopy, reducing its
ability to maintain local humidity and to shield the
forest floor from the scorching sun and higher
temperatures. Rising temperatures beget hotter
summers with prolonged droughts. Thus the
microclimate becomes hotter and drier, which can
cause the trees to shed leaves, close off their
stomata, and curtail carbon dioxide uptake.
Hence, there is a rising incidence of tree death
(Welch, 2020) through increasingly intense forest

fires and devastation from insects. While
reforestation is better than leaving the land bare, it
does not adequately compensate for the loss of

old growth trees (Saxifrage, 2020).

Protect Coastal Wetlands. Like our primary
forests, coastal wetlands — salt marshes, fresh-
water marshes, mangrove swamps, forested
swamps, and seagrass beds — are important carbon
sinks. They can hold five times as much carbon as
tropical forests over the long term. As well, they
are complex and important ecosystems. Today,
less than a quarter of the 53 million hectares of
global coastal wetlands is protected. Threats to
coastal wetlands (Borchert ez a/ 2018; Schoell,
2019) include residential and infrastructure

development, erosion, subsidence, and rising sea
levels.

Reduce Agricultural Emissions. Agriculture has
the potential to act as a carbon sink (Levin ¢/ a/
2019; Levin & Davis, 2019) and help to achieve

net-zero by 2050. However, an increase in world

population coupled with pervasive meat diets will
make the achievement challenging. In 2020, global
food production was responsible for 13.7
GTCO2e (Ritchie & Roser, 2020c) emissions. By
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2050, with the world population expected to rise
to 9.77 billion (Ritchie & Roser, 2021), and with
continued food waste, global emissions from food

production could rise to over 30 GTCO2e per
year (FAO, 2021a; Shrinkthatfootprint, 2015).

Continued increases in carbon emissions from

agriculture would make the achievement of any
climate goal impossible.

Maintain Soil Health. The amount of carbon
stored in soils (Ontl & Schulte, 2012) exceeds the

amount in the atmosphere and the earth’s

vegetation. Traditional soil management depletes
the soil of its organic carbon, releasing the soil
organic carbon (SOC) into the atmosphere.
Sustainable soil management, on the other hand,
has the potential to accumulate SOC, which is
good for both the climate and the soil itself. Even
though studies (Lal, 2004) suggest that there is a
large potential for SOC sequestration through

restorative  land use and  recommended
management practices, further research is needed.

Adopt Regenerative Agricultural Practices.
There is a variety of methods being explored for
improving soil health and sustainability (Project
Drawdown, 2020). In regenerative agriculture, a

set of practices is put in place to promote
sustainable soil health including, refraining from
tillage and the use of pesticides, using cover crops,
multiple crop rotations, and no use of external
fertilizers. In agroforestry (FAO, 2021 ), woody
perennials  (trees, shrubs, palms, etc.) are

deliberately used on the same land-management
units as agricultural crops and/or animals. Project
Drawdown sees this approach as having
significant potential for promoting better soil
health, sustainability, and carbon storage capacity.
Silvopasture, and managed grazing are methods to
address the harms of large-scale livestock grazing
activities in pastures. In the former case, trees and
ruminates are co-located. In the latter case, grazing
lands are given sufficient time to be restored
before being used for grazing again. Managed
grazing is typically included in a set of silvopasture
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agronomic principles. These practices have some
possible benefits to soil health and have potential
to provide improved carbon sequestration relative

to traditional grazing practices.

Reduce Industrial Fertilizer Use. Nitrogen in
the soil is critical for plant growth. Biological
nitrogen fixation (Wagner, 2011) is a natural
process through which certain plants can gain
nitrogen directly from the atmosphere (where it is
abundant). There are techniques, either through
addition of certain microorganisms or through
intercropping with Leguminosae species, that can
accelerate this natural process significantly.
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Efficient biological nitrogen fixation practices
might help reduce use of synthetic N fertilizer
(Mendonca et al. 2017), thereby reducing CO2e
emissions.

Beware of Bioenergy. The use of agricultural
lands for bioenergy is controversial. Proper choice
of crop, as well as avoidance of using arable land
are critical to making bioenergy practices
sustainable. Further studies are needed in order to
develop policies consistent with net carbon
emissions from manufacture and consumption of
biomass fuels.

Achieving Net Zero: Carbon Capture and Sequestration

Active Removal. Active removal of CO, through
catbon capture, utilization, and sequestration
technology (CCUST) is necessary concurrently
with aggressive reduction of GHG emissions to
achieve net-zero carbon emissions. One without
the other will leave us short of our ability to
achieve net zero by 2050. Industrialized countries
like the US and EU should be responsible for
removing more CO» from the atmosphere than is
in their carbon budgets because they have been
responsible  for almost 50% of historical
emissions. In the case of the US, it also has one of
the highest per capita carbon footprints in the
world, even compared to EU nations, and has yet
to commit to the ambitious targets embraced by
the EU. Moreover, given its significant financial
resources, the US should commit to removing 15-
20% of the total needed and reduce its emissions
to the per capita levels in other wealthy countries.
These commitments should be initiated as soon as
possible.

Our Choice of Emissions Pathway Dictates
our Future Challenges. The emissions pathways
in Table 2 illustrated how the removal
requirements and the ability to limit temperature
rise are impacted by delay in action. If US
emission reductions start in 2021 (on a linear path
to an 80% reduction of 2021 emissions in 2050,

followed by linear reduction to zero in 2080), the
cumulative emissions would be 1092 GTCO?2 (see
Table 2, pathway 2). For a temperature change
target of 1.5°C, the removal requirement is 850
GTCO2. If the US accepts responsibility for 20%
of the global removal requirement, then the US
must remove 170 GTCO2.  Assuming the
removal starts in 2035 and ends in 2100, the
annual negative emissions requirement for the US
will be 2.6 GTCO2, or roughly half of the current
annual US GHG emissions. Waiting until 2031 to
start on a path of 80% reduction by 2060 , the
global removal requirement to limit temperature
change to 1.5°C increases to 1370 GTCO2. The
US responsibility would be 274 GTCO2, or an
annual removal requirement of 6.9 GTCO2, or
125% of the current annual US GHG emissions,
for 40 years. Thus, delaying any further will
compound the problem and increase the cost of
achieving net zero by 2050.

Large-Scale Removal. In order to implement
large-scale active removal of COx, carbon capture,
utilization, and sequestration technology (CCUST)
is likely to be necessary. The cost of CO, removal
is believed to be as high as $200/ton, and could
drop to around $50/ton with technology
advancement and large-scale implementation.

Assuming an initial cost of $100/ton for removing
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COy from the atmosphere, the annual cost for
catbon removal between 2 GTCO2 and 5
GTCO2 would be between $200 billion/year and
$500 billion/year. On a pet-capita basis, the
removal cost would be between $530 and $1,300
per person per year, (assuming a population of
380 million in 2050). Every year of delay adds
about 0.1 GTCO2 to the needed annual carbon
capture and storage at an incremental cost of
about $10 billion/year ($25/per person/yeat).

Costs of Removal vs. Inaction. The relevant
basis of cost comparison for CCUST should not
be the cost of fossil fuel usage. Rather, it should
be weighed against the opportunity cost of not
practicing CCUST, which would be the price of
climate change. Given the recent trends (ie.,
average annual costs of weather-related large
disasters exceeding $100 billion), the costs eclipse
the costs of large-scale carbon capture and
sequestration in the near future.

Methods of Removal. A combination of
technological methods and natural processes can
potentially accomplish carbon removal (Tamme

2021), including direct air capture with carbon
storage (DACS), carbon capture and storage
(CCS), carbon capture utilization and storage
(CCUS), bioenergy with carbon capture and
storage (BECCS), afforestation, reforestation,
biochar soil carbon, enhanced weathering, and
ocean fertilization. Afforestation and reforestation
rely on growing trees, bamboo, and hemp, to
capture carbon from the atmosphere. Biochar
involves pyrolyzing biomass in a low-oxygen
environment to produce a stable carbon-rich
material that, when added to the soil, has soil
health benefits and sequesters carbon. Enhanced

weathering (Washington Post, 2020), a form of
mineralization (Romanov ez al 2015), uses

naturally or artificially produced minerals that
absorb CO: and incorporate carbon into other
substances by reaction with water from rain,
ground water, or sea water. Ocean fertilization
involves adding nutrients to the upper regions of
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the ocean to stimulate phytoplankton activity. The
phytoplankton remove CO2 through
photosynthesis. In short, carbon capture processes
vary as to how COz is captured, what the source
of COz is, and whether to utilize the captured CO>
(ie. circular economy) or sequester it - for
example in geologic formations (Global CSS
Institute, 2018). The capture and storage

characteristics of various types of CCUST are
summarized in Table 9 and shown in Figure 18.

In direct air capture with carbon storage, COx is
captured from the atmosphere, whereas in carbon
capture and storage and carbon capture utilization
and storage, it is captured during manufacturing
processes or energy production. In bioenergy with
carbon capture and storage, CO; is captured from
biofuel manufacture (e.g, from fermentation in
production of methanol), or from production of
energy from waste with significant biogenic
content (e.g., waste-to-energy plants). The
technology to capture CO2 from the atmosphere
must be effective at low concentrations (<400
ppm). By contrast, the technology to capture CO>
from industrial processes operates at the
significantly higher COs concentrations found in
flue gas, and other forms of industrial waste gas.
The technology to extract directly from air can be
modularized and implemented close to the storage
site, whereas the technology to extract CO, from
industrial processes must be located at the point
of emission.

Reducing the green premium via a carbon tax and
other measures (CPLC 2017, Stglitz 2019) is

critical to the advancement and adoption of

carbon capture and conversion technologies.
Allowing companies that adopt carbon capture or
utilize products made from carbon dioxide to
enjoy some incentives, such as tax breaks, carbon
credits, and lower carbon intensity scores, will also
help this up-and-coming sector to survive. At the
same time, these taxes and incentives will also
encourage more research on cleaner, better, and
cheaper technologies that will pivot the economy
onto a more robust growth path.
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Table 9. Characteristics of Carbon Capture and Storage Modalities.

Classification:
Technology Capture/Storage Point of Capture Point of Storage
DACSS Physicochemical & Air near storage location Geological Storage
Electrochemical/Geological Site
CCS & CCUS Physicochemical & Industrial Site/Power Plant | Geological Storage
Electrochemical/Geological Site
BECCS Physicochemical/Geological Biofuel Manufacture Site Geological Storage
Site
Afforestation & Biological/Biological New growth forests and new Forests
Reforestation growth in old forests
Biochar Soil Biological/Geological Biomass Soil
Carbon
Enhanced Physicochemical & Geological Natural or artificial minerals Coastal sites
Weathering /Geological spread near water sources agricultural lands
Ocean Biological/Geological Ocean Ocean
Fertilization

True Net-Negative Emissions are Required.
Carbon capture and storage do not necessarily
enable a negative emission process. The details of
how the COz is produced must be considered.
For example, direct air capture with carbon
storage can be used to reduce CO: in the
atmosphere, but is yet to be practiced on such a
large scale as to completely offset emissions from
a high-emission industrial process or high-
emission power generation process. Removing
CO; from flue gas at the site of an industrial
process will capture a higher fraction of the CO»
emissions, but will not completely eliminate them.
In the case of bioenergy with carbon capture and
storage, however, if it is coupled with a truly net-
zero-emission biogenic COz process, significant
removal and storage of CO; emissions from that

process will result in a negative emission

technology.

Whether directly from air or from industrial
exhaust gas, carbon capture methods need to be
evaluated and measured by a certification entity
adhering to internationally accepted standards,
such as ISO 14064-1 and ISO 14064-2. Such
certified measurements would highlicht the net
number of tons of carbon dioxide removed. As
technologies evolve, these standards might need
enhancements to accommodate new pathways.
Capturing the carbon dioxide is only half the
equation. What to do with the carbon dioxide is
the other piece. It can also be a resource to reduce
our dependence on fossil-fuel-based chemistry.

There are already some efforts to utilize this
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Figure 18. Capture and storage characteristics of various CCUST modalities.

captured gas but most research has not progressed
beyond the laboratory.

The above mentioned capture and storage
technologies are in varying stages of readiness for
implementation (IEA, 2020). Additional effort is
required to bring the most promising approaches

to the required scale. Therefore, dramatic
emissions reductions must be achieved while
developing the capture and storage technologies,
with the hope of implementing them with
sufficient capacity to address the remaining

emissions reductions required to get to net-zero

and possibly net-negative emissions.

For removal of CO; on a global scale, the costs
will pose a varying degree of difficulty for each
country. An equitable way must be found to pay
for the removal. Considerations in allocating
quotas (Pozo et al. 2020) to specific countries
include: population, the ability to pay (GDP),

current emissions, historical emissions, and
current standard of living.
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Concluding Statement

Climate change is an existential problem
confronting human society, unlike any other we
have faced in history. Science has shown us that
the fossil fuel energy systems and technologies
which are responsible for advancing the developed
world into this century cannot solve the resulting
climate change that the planet is confronting. With
the confluence of the COVID-19 pandemic taking
millions of lives and climate change disasters
costing hundreds of billions of dollars over the
past year, the need to change course could not be
more immediate or urgent. The risks associated
with staying on the current course are too great to

ignore.

The world has already experienced unprecedented
damages from climate change in the twenty-first
century and there is no doubt about the ongoing
historic changes on Earth. The United Nations,
along with many government agencies and non-
governmental  organizations, have provided
detailed scientific analyses which are summarized
in this Roadmap. The problems and challenges are
global and require coordinated actions on the part
of the world’s governments and citizens. Even
with coordinated and immediate action, change
will  require decades. Without a global
commitment and corresponding action for
responding to climate change, there is little doubt
that, not only will many of Earth’s natural cycles
and ecosystems be adversely impacted, but also
human habitability may be threatened on large
swaths of our planet.

Leadership and investment in climate solutions is
imperative starting with the world’s developed
countries and extending to all others, including the
large developing ones. In order to mitigate the
most serious impacts of climate change, our
recommendation herein is to take actions that will
yield a world that is carbon-neutral within a
generation, but no later than 2050. We believe that
it is critical for the US NDC to be greatly
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increased at the upcoming UNFCCC COP-26
meeting and should target 36% reduction by 2025
and 55% by 2030 compared to the 2005 emission
level. These commitment targets should keep the
US on pace to meet the IPCC target for limiting
global warming to less than 2°C by the end of the
century and provide the moral and technological
leadership necessary globally, together with the
EU and UK.

Coordinated leadership of Europe and the US is
critical to engaging other countries in making
similarly aggressive commitments and providing
resources to countries which currently bear the
largest impacts of climate change and the largest
socioeconomic pressures against taking immediate
action. For the largest historic emitters with the
greatest technical and economic resources - the
US, for example - such leadership is a moral
responsibility. A greater sense of urgency is
needed to prevent the worst damages which will
otherwise result and indeed are resulting from
climate change. These effects include global
temperature rise, warming oceans, melting polar
ice, glacial retreat, sea level rise, extreme weather
events, and ocean acidification.

The recent joint announcement from the UK and
US (US State Department, 2021) is encouraging

but concrete steps are necessary. The immediate
actions needed to mitigate climate change include
use of existing proven and economical carbon-
neutral technologies to reduce emissions as rapidly
as possible. Most notably, reduce and/or eliminate
fossil fuel power generation in favor of non-
carbon emitting power generation, especially
renewable solar and wind power which are now
clearly the least expensive options; electrify
transportation; eliminate most industrial and
residential use of fossil fuels through improved
efficiencies and cost-effective electrification; and
improve land management, including reduction of

agricultural emissions.
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Research and climate models indicate that one of
the most efficient and effective measures that can
be taken to reduce GHG emissions is a carbon
price. Damages from climate change disasters cost
$100 billion in the US alone in 2020 and this
number has been rising rapidly. Effective and
immediate incorporation of these costs into a
carbon market will leverage market forces to drive
change. In addition to ignoring the social costs of
fossil fuel consumption, subsidies that support
current fossil fuel markets wrongly reward the
fossil fuel industry for causing further harm. Such
subsidies also impede the essential transformation
away from coal, natural gas, and gasoline. A
carbon price in isolation must be avoided as it has
a regressive impact that raises a social justice
challenge. A price with an appropriate dividend
mechanism is required to compensate for the

regressive nature of the carbon price.

As suggested in “Accelerating Decarbonization of
the US Energy System” (NASEM, 2021),

complementary interventions, such as federal

emissions standards, state standards and policies,
local standards and corporate Initiatives, are
needed to drive a rapid transition to carbon-
neutral energy. Longer term, research and
development of technologies that hold the most
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promise for sustainability, resiliency, and negative
emissions are essential, but due to the long time
horizon for their likely implementation,
investments are needed immediately. Reducing
certain industrial and heavy industry use of fossil
fuels will require developing new solutions.
Although
technologies will likely take longer to deliver,

economical  negative  emission
reversing the accumulation of greenhouse gases
may allow us to reverse negative economic and
health impacts to the world’s population,
especially those most vulnerable to climate
change.

The rate at which changes occur will determine
the magnitude of damages which will result long-
term. Beyond the changes in policy and
regulations, speed of translation of ideas to
incubation and commercialization of green
products, as well as consumer awareness, atre
necessary to drive the climate transformation
agenda forward faster. Communication campaigns
need to be reinforced and expanded to make
climate a mainstream topic today and to avoid
further delay.
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