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Summary

In evaluating solutions to global warming, air pollution, and energy security, two important questions
arise are (1) should new nuclear plants be built to help solve these problems, and (2) should existing,
aged nuclear plants be kept open as long as possible to help solve these problems? To answer these
questions, the main risks associated with nuclear power are examined.

The risks associated with nuclear power can be broken down into two categories: (1) risks affecting its
ability to reduce global warming and air pollution and (2) risks affecting its ability to provide energy
and environmental (aside from climate and air pollution) security. Risks in the former category include
delays between planning and operation, emissions contributing to global warming and outdoor air
pollution, and costs. Risks in the latter category include weapons proliferation risk, reactor meltdown
risk, radioactive waste risk, and mining cancer and land despoilment risks. These risks are discussed, in
this section. Here are additional specific findings:

e New nuclear power plants cost 2.3 to 7.4 times those of onshore wind or utility solar PV per kWh, take 5 to
17 years longer between planning and operation, and produce 9 to 37 times the emissions per kWh as wind.

e As such, a fixed amount of money spent on a new nuclear plant means much less power generation, a much
longer wait for power, and a much greater emission rate than the same money spent on WWS technologies.

e There is no such thing as a zero- or close-to-zero emission nuclear power plant. Even existing plants emit
due to the continuous mining and refining of uranium needed for the plant. However, all plants also emit 4.4
g-COe/kWh from the water vapor and heat they release. This contrasts with solar panels and wind turbines,
which reduce heat or water vapor fluxes to the air by about 2.2 g-CO,e/kWh for a net difference from this
factor alone of 6.6 g-CO»e/kWh.

e On top of that, because all nuclear reactors take 10-19 years or more between planning and operation vs. 2-5
year for utility solar or wind, nuclear causes another 64-102 g-CO,/kWh over 100 years to be emitted from
the background grid while consumers wait for it to come online or be refurbished, relative to wind or solar.

e Opverall, emissions from new nuclear are 78 to 178 g-CO,/kWh, not close to 0.

e China’s investment in nuclear plants that take so long between planning and operation instead of wind or
solar resulted in China’s CO, emissions increasing 1.3 percent from 2016 to 2017 rather than declining by an
estimated average of 3 percent. The resulting difference in air pollution emissions may have caused 82,000
additional air pollution deaths in China in 2016 alone, with additional deaths in years prior and since.



Table 3.5. Total 100-year CO,e emissions from several different energy technologies. The total includes lifecycle
emissions, opportunity cost emissions, anthropogenic heat and water vapor emissions, weapons and leakage risk
emissions, and emissions from loss of carbon storage in land and vegetation. All units are g-CO,e/kWh-electricity,
except the last, column, which gives the ratio of total emissions of a technology to the emissions from onshore
wind. CCS/U is carbon capture and storage or use.

Technology aLifecycle | "Opportuni | ©Anthro- 4Anthro- °Nuclear | fLoss of CO, £Total Ratio of
emissions ty cost pogenic pogenic Weapons | due to covering | 100-year | 100-year
emissions heat water vapor risk or land or clearing COze COse to
due to emissions emissions | 100-Year vegetation that of
delays CCS/U wind-
leakage onshore
risk
Solar PV-rooftop 15-34 -12to -16 -2.2 0 0 0 0.8-15.8 0.1-3.3
Solar PV-utility 10-29 0 2.2 0 0 0.054-0.11 7.85-26.9 | 0.91-5.6
CSpP 8.5-24.3 0 2.2 0to2.8 0 0.13-0.34 6.43-25.2 | 0.75-5.3
Wind-onshore 7.0-10.8 0 -1.7t0-0.7 | -0.5t0-1.5 0 0.0002-0.0004 4.8-8.6 1
Wind-offshore 9-17 0 -1.7t0-0.7 | -0.5t0-1.5 0 0 6.8-14.8 0.79-3.1
Geothermal 15.1-55 14-21 0 0to2.8 0 0.088-0.093 29-79 3.4-16
Hydroelectric 17-22 41-61 0 271026 0 0 61-109 7.1-22.7
Wave 21.7 4-16 0 0 0 0 26-38 3.0-7.9
Tidal 10-20 4-16 0 0 0 0 14-36 1.6-7.5
Nuclear 9-70 64-102 1.6 2.8 0-1.4 0.17-0.28 78-178 9.0-37
Biomass 43-1,730 36-51 34 32 0 0.09-0.5 86-1,788 10-373
Natural gas-CCS/U 179-405 46-62 0.61 3.7 0.36-8.6 0.41-0.69 230-481 27-100
Coal-CCS/U 230-935 46-62 1.5 3.6 0.36-8.6 0.41-0.69 282-1,011 33-211

Lifecycle emissions are 100-year carbon equivalent (CO,e) emissions that result from the construction, operation, and
decommissioning of a plant. They are determined as follows:
Solar PV-rooftop: The range is assumed to be the same as the solar PV-utility range, but with 5 g-CO,/kWh added to
both the low and high ends to account for the use of fixed tilt for all rooftop PV versus the use of some tracking

for utility PV.

Solar PV-utility: The range is derived from Fthenakis and Raugei (2017). It is inclusive of the 17 g-CO»/kWh mean for
CdTe panels at 11 percent efficiency, the 27 g-CO,e/kWh mean for multi-crystalline silicon panels at 13.2 percent
efficiency, and the 29 gCO,e/kWh mean for mono-crystalline silicon panels at 14 percent efficiency. The upper
limit of the range is held at the mean for multi-crystalline silicon since panel efficiencies are now much higher
than 13.2 percent. The lower limit is calculated by scaling the CdTe mean to 18.5 percent efficiency, its maximum

in 2018.

CSP: The lower limit CSP lifecycle emission rate is from Jacobson (2009). The upper limit is from Ko et al. (2018).
Wind-onshore and wind-offshore: The range is derived from Kaldelis and Apostolou (2017).

Geothermal: The range is from Jacobson (2009) and consistent with the review of Tomasini-Montenegro et al. (2017).

Hydroelectric and wave: From Jacobson (2009).

Tidal: From Douglass et al. (2008).
Nuclear: The range of 9-70 g-CO,e/kWh is from Jacobson (2009), which is within the Intergovernmental Panel on
Climate Change (IPCC)’s range of 4-110 g-CO,e/kWh (Bruckner et al., 2014), and conservative relative to the 68
(10-130) g-CO2e/kWh from the review of Lenzen (2008) and the 66 (1.4-288) g-CO,e/kWh from the review of
Sovacool (2008).
Biomass: The range provided is for biomass electricity generated by forestry residues (43 gCO,e/kWh), industry
residues (46), energy crops (208), agriculture residues (291), and municipal solid waste (1730) (Kadiyala et al.,

2016).

Natural gas-CCS/U: The lower bound is for the CCGT with carbon capture plant from Skone (2015), also provided in

Table 3.4. The upper bound is CCGT value without carbon capture, 506 g-CO,e/kWh from Table 3.4, multiplied
by 80 percent, which is the percent of COse emissions expected to be captured from the Petra Nova facility that
will remain in the air over 100 years (Table 3.6).
Coal-CCS/U: The lower bound is for IGCC with carbon capture from Skone (2015). The upper bound is the coal value
without carbon capture, 1,168 g-CO,e/kWh from Table 3.6, multiplied by 80 percent, which is the percent of coal
lifecycle CO,e emissions from the Petra Nova facility that will remain in the air over 100 years (Table 3.6).
*Opportunity cost emissions are emissions per kWh over 100 years from the background electric power grid, calculated
from Equations 3.1 and 3.2 due to (a) the longer time lag between planning and operation of one energy
technology relative to another and (b) additional downtime to refurbish a technology at the end of its useful life




compared with the other technology. The planning-to-operation times of the technologies in this table are 0.5-2
years for solar PV-rooftop; 2-5 years for solar PV-utility, CSP, wind-onshore, wind-offshore, tidal, and wave; 3-6
years for geothermal; 8-16 years for hydroelectric; 10-19 years for nuclear; 4-9 years for biomass (without
CCS/U), and 6-11 years for natural gas-CCS/U and coal-CCS/U (Jacobson, 2009, except rooftop PV and natural
gas-CCS/U values are added and solar PV-rooftop is updated here). The refurbishment times are 0.05-1 year for
solar PV-rooftop; 0.25-1 year for solar-PV-utility, CSP, wind-onshore, wind-offshore, wave, and tidal; 1-2 years
for geothermal and hydroelectric; 2-4 years for nuclear, and 2-3 years for biomass, coal-CCS/U, and natural gas-
CCS/U. The lifetimes before refurbishment are 15 years for tidal and wave; 30 years for solar PV-rooftop, solar
PV-utility, CSP, wind-onshore, wind-offshore; 30-35 years for biomass, coal-CCS/U, and natural gas-CCS/U; 30-
40 years for geothermal; 40 years for nuclear; and 80 years for hydroelectric (Jacobson, 2009). The opportunity
cost emissions are calculated here relative to the utility-scale technologies with the shortest time between planning
and operation (solar-PV-utility, CSP, wind-onshore, and wind-offshore). The opportunity cost emissions of the
latter technologies are, by definition, zero. The opportunity cost emissions of all other technologies are calculated
like in Example 3.1 while assuming a background U.S. grid emission intensity equal to 557.3 g-CO,e/kWh in
2017. This is derived from an electricity mix from EIA (2018d) and emissions, weighted by their 100-year GWPs,
of CO,, CH4, and N,O from mining, transporting, processing and using fossil fuels, biomass, or uranium. The
reason tidal power has opportunity cost emissions although its planning-to-operation time is the same as onshore
wind is the shorter lifetime of tidal turbines than wind turbines. Thus, tidal has more down time over 100 years
than do other technologies. See Section 3.2.2.1. The opportunity cost emissions of offshore and onshore wind are
assumed to be the same because new projects suggest offshore wind, particularly with faster assembly techniques
and with floating turbines, are easier to permit and install now than a decade ago. Although natural gas plants
don’t take so long as coal plants between planning and operation, natural gas combined with CCS/U is assumed to
take the same time as coal with CCS/U.

¢Anthropogenic heat emissions here include the heat released to the air from combustion (for coal or natural gas) or
nuclear reaction, converted to COse (see Section 3.2.2.2). For solar PV and CSP, heat emissions are negative
because these three technologies reduce sunlight to the surface by converting it to electricity. The lower flux to the
surface cools the ground or a building below the PV panels. For wind turbines, heat emissions are negative
because turbines extract energy from wind to convert it to electricity (Section 3.2.2.3 and Example 3.6). For binary
geothermal plants (low end), it is assumed all heat is re-injected back into the well. For non-binary plants, it is
assumed that some heat is used to evaporate water vapor (thus the anthropogenic water vapor flux is positive) but
remaining heat is injected back into the well. The electricity from all electric power generation also dissipates to
heat, but this is due to the consumption rather than production of power and is the same amount per kWh for all
technologies so is not included in this table.

dAnthropogenic water vapor emissions here include the water vapor released to the air from combustion (for coal and
natural gas) or from evaporation (water-cooled CSP, water-cooled geothermal, hydroelectric, nuclear natural gas,
and coal), converted to CO-e (see Section 3.2.2.3). Air-cooled CSP and geothermal plants have zero water vapor
flux, representing the low end of these technologies. The high end is assumed to be the same as for nuclear, which
also uses water for cooling. The low end for hydroelectric power assumes 1.75 kg-H,O/kWh evaporated from
reservoirs at mid to high latitudes (Flury and Frischknecht, 2012). The upper end is 17.0 kg-H,O/kWh from
Jacobson (2009) for lower latitude reservoirs and assumes reservoirs serve multiple purposes. For biomass, the
number is based only on the water emitted from the plant due to evaporation or combustion, not water to irrigate
some energy crops. Thus, the upper estimate is low. The negative water vapor flux for onshore and offshore wind
is due to the reduced water evaporation caused by wind turbines (Section 3.2.2.3 and Example 3.6).

“Nuclear weapons risk is the risk of emissions due to nuclear weapons use resulting from weapons proliferation caused
by the spread of nuclear energy. The risk ranges from zero (no use of weapons over 100 years) to 1.4 g-CO,e/kWh
(one nuclear exchange in 100 years) (Section 3.3.2.1). The 100-year CCS/U leakage risk is the estimated rate,
averaged over 100 years, that CO, sequestered underground leaks back to the atmosphere. Section 3.2.2.4 contains
a derivation. The leakage rate from natural gas-CCS/U is assumed to be the same as for coal-CCS/U.

Loss of carbon, averaged over 100 years, due to covering land or clearing vegetation is the loss of carbon sequestered
in soil or in vegetation due to the covering or clearing land by an energy facility; by a mine where the fuel is
extracted from (in the case of fossil fuels and uranium); by roads, railways, or pipelines needed to transport the
fuel; and by waste disposal sites. No loss of carbon occurs for solar PV-rooftop, wind-offshore, wave, or tidal
power. In all remaining cases, except for solar PV-utility and CSP, the energy facility is assumed to replace
grassland with the organic carbon content and grass content as described in the text. For solar PV-utility and CSP,
it is assumed that the organic content of both the vegetation and soil are 7 percent that of grassland because (a)
most all CSP and many PV arrays are located in deserts with low carbon storage and (a) most utility PV panels
and CSP mirrors are elevated above the ground. For biomass, the low value assumes the source of biomass is



industry residues or contaminated wastes. The high value assumes energy crops, agricultural residues, or forestry
residues. See Section 3.2.2.5.
€The total column is the sum of the previous six columns.

3.3. Why Nuclear Power Represents an Opportunity Cost

In evaluating solutions to global warming, air pollution, and energy security, two important questions that
arise are (1) should new nuclear plants be built to help solve these problems, and (2) should existing, aged
nuclear plants be kept open as long as possible to help solve these problems? To answer these questions,
the main risks associated with nuclear power are first examined.

The risks associated with nuclear power can be broken down into two categories: (1) risks affecting
nuclear’s ability to reduce global warming and air pollution and (2) risks affecting nuclear’s ability to
provide energy and environmental (aside from climate and air pollution) security. Risks under Category 1
include delays between planning and operation, emissions contributing to global warming and outdoor air
pollution, and costs. Risks under Category 2 include weapons proliferation risk, reactor meltdown risk,
radioactive waste risk, and mining cancer and land despoilment risks. These risks are discussed, in this
section.

Nuclear fission is the process by which tiny neutrons bombard and split certain fissile heavy elements,
such as uranium-235 (**U) or plutonium-239 (***Pu) in a nuclear reactor. The 235 and 239 refer to the
isotope, or number of protons plus neutrons in the nucleus of a uranium or plutonium atom, respectively. A
fissile element is one that can be split during fission upon neutron bombardment and whose neutrons
released during splitting can split other fissile atoms in a chain reaction. Fissile elements do not
spontaneously release neutrons, creating a chain reaction. Instead, they require outside neutrons
bombarding them, thereby initiating a chain reaction. 2°U is the only fissile element found in nature. >**Pu
is a product of uranium-238 (**®U) capturing a free neutron in a nuclear reactor. The resulting 2*°U decays
to 2*°Pu, a fissile element.

When a neutron approaches 2*°U in a nuclear reactor, the neutron may be absorbed by or pass through the
atom. Fast-moving neutrons have a higher probability of passing through the atom, whereas slow-moving
neutrons have a higher probability of being absorbed. If the neutron is absorbed, the uranium atom’s total
energy is spread among the 236 protons and neutrons now present in the atom’s nucleus. The nucleus is
now unstable, and some of the uranium atoms fragment into two smaller elements, whereas the remaining
atoms form 2%U. A variety of element pairs arise from fragmentation. Two of the most common are
Krypton-92 (°*Kr) and Barium-141 (!*'Ba). The fragmentation, with this product pair, also produces
gamma rays and three free neutrons. The overall reaction is thus

1 neutron + 2**U - *>Kr + '#'Ba + 3 neutrons + gamma rays (3.10)

The new neutrons may then collide with other 2°U atoms or with 2*°Pu atoms, splitting them in a chain
reaction. When the fragments and the gamma rays collide with water, the collision converts kinetic energy
and electromagnetic energy, respectively, to massive amounts of heat.

In a boiling water reactor (BWR) nuclear power plant, the heat boils water directly. The high-pressure
steam turns a turbine connected to a generator to produces electricity. The steam is then re-condensed to
liquid water in a condenser, and the liquid water is returned back to the reactor core. In the condenser, heat
from the steam is transferred to a separate (in an enclosed pipe) stream of cooling water that originates



from a lake, river, or the coastal ocean. The warmed water is then returned to where it originated from,
warming the outdoor water body, creating thermal pollution. Other thermal power plants, such as those
running on coal, oil, or gas, similarly warm water bodies.

In a pressurized water reactor (PWR) plant, the air pressure in the reactor is increased substantially, up to
155 bar (air pressure at Earth’s surface is 1 bar). Because the boiling point of water increases with
increasing atmospheric pressure, water in the reactor doesn’t boil, even though the temperature in the
reactor reaches 282 °C (at Earth’s surface, water usually boils at 100 °C). The hot water in the reactor,
which is radioactive, passes through a pipe and exchanges its heat with a different batch of water
maintained at normal air pressure, causing the latter water to boil. The boiling water creates steam to run a
steam turbine. The water batches are kept separate to ensure radioactive material in the high-pressure
reactor does not pass through to the water vapor running through the steam turbine. BWR and PWR
reactors are both light water reactors (LWRs), which are reactors that use normal water.

Uranium in a nuclear power plant is originally stored in small ceramic pellets within a metal fuel rod, often
3.7-m long. A conventional BWR or PWR nuclear reactor will go through one rod after about six years,
and the rod and remaining material in it become radioactive waste. Reactors that use rods once are referred
to as once-through reactors. The radioactive waste in the fuel rod must be stored for several hundred
thousand years.

A fuel rod that has gone through a fission reactor once still has 99 percent of its uranium left over,
including slightly more 23U than natural uranium. This remaining uranium and its fission product,
plutonium, can be extracted and reprocessed for use in a breeder reactor, extending the life of a given
mass of uranium and reducing waste significantly. However, the reprocessing increases both the cost and
the production of 2°Pu by the collision of **U with fast moving neutrons. Breeder reactors can thus be
optimized to produce 2**Pu for use in nuclear weapons (Karam, 2006), so they are a concern with respect to
weapons proliferation.

As of 2019, over 400 active nuclear reactors provide electric power among 31 countries. Only two of these
reactors are breeder reactors. For this number of reactors, uranium mines produce about 60,000 tonnes of
uranium per year (World Nuclear Association, 2019). Uranium reserves (aside from hard-to-extract
uranium in seawater) as of 2015 were about 7.6 million tonnes. This suggests that about 127 years of
uranium are available for current once-through fuel cycle reactors at near-current rates of uranium use. As
such, even if the issues discussed below were not issues, uranium is a limited resource, and growing
nuclear power will deplete uranium faster.

An alternative fuel to uranium in nuclear reactors is thorium. Thorium, like uranium, can be used to
produce nuclear fuel in a breeder reactor. The advantage of thorium is that it produces less long-lived
radioactive waste than does uranium. Its products are also more difficult to convert into nuclear weapons
material. However, thorium still produces MU, which was used in one nuclear bomb core produced during
the Operation Teapot bomb tests in 1955. Thus, thorium is not free of nuclear weapons proliferation risk.
In addition, thorium reactors require the same long time lag between planning and operation as uranium
reactors (Section 3.3.1.1) and most likely longer because hardly any contractors or scientists have
experience building or running thorium reactors. Thus, thorium reactors will produce greater emissions
from the background electric grid compared with WWS technologies, which have a shorter time lag.
Finally, lifecycle emissions of carbon from a thorium reactor are similar to those from a uranium reactor.



A proposed alternative to the large once-through reactor and the breeder reactor is the small modular
reactor (SMR). SMRs are nuclear fission reactors that are much smaller than a traditional reactor and
prefabricated in a factory. The purpose of prefabricating much of the reactor is to reduce construction time,
costs, and mistakes during construction. The reactor would then be moved to its final site, where
construction would be completed. Many types of SMRs have been proposed, including miniature versions
of current reactors as well as new designs.

One type of new design is a fast reactor, in which the fuel is reformulated to allow fast-moving neutrons,
rather than slow-moving neutrons, to split an atom. One way to do this is to increase 2°Pu, which absorbs
more fast-moving neutrons than does *°U. Fast reactors can be turned into breeder reactors by surrounding
the core with 28U, which absorbs a fast-moving neutron to become U, which decays to 2**Pu.

Whereas slow reactors still produce significant radioactive waste, fast reactors produce less waste but also
increase the potential for nuclear weapons proliferation by producing more 2*°Pu. Because slow and fast
SMRs are small and modular, many countries that don’t currently have nuclear energy facilities could more
readily purchase them, increasing the risk of nuclear weapons proliferation. Most SMRs also have
meltdown risk. They also require uranium. Slow reactors have the same resource limitation, lung cancer
risk, and land despoilment risk associated with uranium mining as do non-SMRs (Section 3.3.2.4). Finally,
because SMRs have not been commercialized to date, their emissions, time lag between planning and
operation, and cost are still not known.

Finally, nuclear fusion of light atomic nuclei (e.g., protium, deuterium, or tritium) could theoretically
supply power indefinitely without long-lived radioactive waste because the products are isotopes of helium.
However, little prospect exists for fusion to be commercially available for at least 50 to 100 years, if ever.

Nuclear power from fission first became a source of electric power in the 1950s. The first nuclear power
plant to produce electricity was an experimental reactor in Arco, Idaho. On December 20, 1951, it powered
four light bulbs. On June 26, 1954, a 5 MW nuclear reactor was connected to the electric power grid for
industrial use in Obninsk, Russia. Subsequently, on August 27, 1956, a 50 MW reactor was connected to
the grid for commercial use in Windscale, England.

Below, the risks associated with nuclear power are discussed in detail.

3.3.1. Risks Affecting the Ability of Nuclear Power to Address Global Warming and Air Pollution
The first category of risk associated with nuclear power includes risks affecting nuclear power’s ability to
reduce global warming and air pollution. These risks include the long lag times between planning and
operating and to refurbish a nuclear reactor, nuclear’s high carbon equivalent emissions relative to WWS
technologies, and nuclear’s high cost.

3.3.1.1. Delays Between Planning and Operation and due to Refurbishing Reactors

The longer the time lag between the planning and operation of an energy facility, the more the air pollution
and climate-relevant emissions from the background electric power grid (Section 3.2.2). Similarly, the
longer the time required to refurbish a plant for continued use at the end of its life, the greater the emissions
from the background grid while the plant is down.

The time lag between planning and operation of a nuclear power plant includes the times to obtain a
construction site, a construction permit, an operating permit, financing, and insurance; the time between
construction permit approval and issue; and the construction time of the plant.



In March 2007, the United States Nuclear Regulatory Commission approved the first request for a site
permit in 30 years. This process took 3.5 years. The time to review and approve a construction permit is
another 2 years and the time between the construction permit approval and issue is about 0.5 years. Thus,
the minimum time for preconstruction approvals (and financing) in the United States is 6 years. An
estimated maximum time is 10 years. The time to construct a nuclear reactor depends significantly on
regulatory requirements and costs. Although nuclear reactor construction times worldwide are often
shorter than the 9-year median construction times in the United States since 1970 (Koomey and Hultman,
2007), they averaged 7.4 years worldwide in 2015 (Berthelemy and Rangel, 2015). As such, a reasonable
estimated range for construction time is 4 to 9 years, bringing the overall time between planning and
operation of a nuclear power plant worldwide to 10 to 19 years.

An examination of some recent nuclear plant developments confirms that this range is not only reasonable,
but an underestimate in at least one case. The Olkiluoto 3 reactor in Finland was proposed to the Finnish
cabinet in December 2000 to be added to an existing nuclear power plant. Its latest estimated completion
date is 2020, giving a planning-to-operation (PTO) time of 20 years. The Hinkley Point nuclear plant
was planned, starting in 2008. Construction began only on December 11, 2018. It has an estimated
completion year of 2025 to 2027, giving it a PTO time of 17 to 19 years. The Vogtle 3 and 4 reactors in
Georgia were first proposed in August 2006 to be added to an existing site. The anticipated completion
dates are November 2021 and November 2022, respectively, given them PTO times of 15 and 16 years,
respectively. Their construction times will be 8.5 and 9 years, respectively. The Flamanville, France, Unit
3 reactor was planned on an existing nuclear site starting in 2004. A contract was awarded in 2005.
Construction started in 2007 but is not expected to be completed until 2023, for a construction time of 16
years and PTO time of 19 years. The Haiyang 1 and 2 reactors in China were planned starting in 2005.
Construction started in 2009 and 2010, respectively. Haiyang 1 began commercial operation on October 22,
2018. Haiyang 2 began operation on January 9, 2019, giving them construction times of 9 years and PTO
times of 13 and 14 years, respectively. The Taishan 1 and 2 reactors in China were bid in 2006.
Construction began in 2008. Taishan 1 began commercial operation on December 13, 2018. Taishan 2
began operation on September 9, 2019, giving them construction times of 10 and 11 years and PTO times
of 12 and 13 years, respectively. Planning and procurement for four reactors in Ringhals, Sweden started in
1965. One took 10 years, the second took 11 years, the third took 16 years, and the fourth took 18 years to
complete. In sum, PTO times for both recent and historic nuclear plants have mostly been in the range of 10
to 19 years.

Some contend that France’s 1974 Messmer Plan resulted in the building of its 58 reactors in 15 years. The
Messmer Plan was a proposal, enacted without public or parliamentary debate, by the Prime Minister of
France, Pierre Messmer, to build 80 nuclear reactors by 1985 and 170 by 2000. In fact, the plan had been in
the works for years prior and was only proposed publicly following the international oil crisis of 1973
(Morris, 2015). For example, the Fessenheim nuclear reactor obtained its construction permit in 1967 and
was planned before that. In addition, 10 of the reactors were completed only between 1991 and 2000. As
such, the whole planning-to-operation time for the 58 reactors was at least 33 years, not 15. That of any
individual reactor was 10 to 19 years.

Planning-to-operation delays are not the only cause of background emissions associated with nuclear power
or any other energy technology. Nuclear reactors have an expected lifetime on the order of 40 years. To run
longer, they need to be refurbished. An estimate of the time to refurbish a nuclear reactor is 2-4 years.
Refurbishment of the Darlington 2, Ontario nuclear reactor, for example, began in October 2016 and is
scheduled to take 3 years and 4 months (World Nuclear News, 2018).



Equations 3.1 and 3.2 provide an estimate of the opportunity cost COze emissions resulting from emissions
from the background due to a nuclear power plant’s long PTO time and refurbishment time. Table 3.5
provides an overall estimate of this opportunity cost emissions as 64 to 102 g-CO2¢/kWh, which is higher
than nuclear’s lifecycle emissions. Opportunity cost emissions also include health-affecting air pollution
emissions.

Transition highlight. Example 3.11 illustrates how China’s investment in nuclear plants, which have long
planning-to-operation times, instead of wind power resulted in China’s CO2 emissions rising 1.3 percent
from 2016 to 2017 rather than declining by an estimated average of 3 percent during that period. A similar
result would be found if China invested in solar instead of nuclear.

The health impacts of such delays in China are substantial. In 2016, 1.9 million people died of from air
pollution particles and gases in China (Table 7.14). Assuming that air pollution emissions are proportional
to CO:2 emissions, 82,000 (1.9 million x 4.3 percent) more people may have died in 2016 alone due to
China’s investment in nuclear instead of wind or solar. Additional deaths likely occurred prior and
since. Thus, opportunity-cost emissions affect both climate and health.

Example 3.11. Did construction of nuclear plants in China cause its emissions to rise between 2016 and 2017?

Between 2016 and 2017, the CO, emission rate in China (including Hong Kong) increased by 121 million metric
tonnes (MT), or 1.3 percent, over its 2016 emission rate of 9,310 MT-CO; (British Petroleum, 2018). During that
period, China had 14 GW of nuclear power under construction, with planning for all the plants starting before 2012.
The capital cost of a new nuclear power plant ranges from $6,500/kW to $12,250/kW, whereas that of a new wind
turbine ranges from $1,150/kW to $1,550/kW (Lazard, 2018). Assuming the capital for the nuclear plants had been
invested in wind instead and the wind turbines had been installed prior to 2017 (because the planning to operation time
of wind is 2 to 5 years versus 10 to 19 years for nuclear), estimate the 2017 CO, emissions that would have been
avoided. Assume the wind turbine capacity factor ranges from 0.3 to 0.37 and that the CO, emission intensity of the
grid in China is between 850 and 900 g-CO»/kWh (Li et al., 2017).

Solution:

Dividing the high (and low) capital cost of nuclear per kW by the low (and high) capital cost of wind per kW and
multiplying the result by 14 GW gives a range of 58.7 to 149 GW nameplate capacity of wind that could have been
installed and running prior to 2017. Multiplying by the capacity factor range of wind and 8,760 hours per year and
dividing by 1,000 GW per TW gives the annual energy output of the wind that could have been installed as 154 to 483
TWh/y. Multiplying this range by the CO, emission intensity that wind would have avoided, 850 to 900 g-CO,/kWh,
and by 10° kWh/TWh, and dividing by 10'? g¢/MT gives 131 to 435 MT-CO,/y avoided. In other words, investing in
wind instead of nuclear would have resulted in China decreasing its CO, emissions by about 1.4 to 4.7 percent (for an
average of 3.0 percent) instead of increasing it by 1.3 percent. As such, investing in nuclear has caused an opportunity
cost CO, emission in China.

3.3.1.2. Air Pollution and Global Warming Relevant Emissions From Nuclear

Nuclear power contributes to global warming and air pollution in the following ways: (1) emissions of air
pollutants and global warming agents from the background grid due to its long planning-to-operation and
refurbishment times (Section 3.2.2.1); (2) lifecycle emissions of air pollutants and global warming agents
during construction, operation, and decommissioning of a nuclear plant; (3) heat and water vapor emissions
during the operation of a nuclear plant (Sections 3.2.2.2 and 3.2.2.3); (4) carbon dioxide emissions due to
covering soil or clearing vegetation during the construction of a nuclear plant, uranium mine, and waste site
(Section 3.2.2.5); and (5) the emissions risk of air pollutants and global warming agents due to nuclear
weapons proliferation (Section 3.3.2.1).



Every one of these categories represents an actual emission or emission risk, yet most of these emissions,
except for lifecycle emissions, are incorrectly ignored in virtually all studies of nuclear energy impacts on
climate. Virtually no study considers the impact of nuclear energy on air pollution mortality. By ignoring
these factors, studies distort the impacts on climate and air pollution health associated with some
technologies over others.

Table 3.5 summarizes the COz2e emissions from nuclear power from each of the five categories just
described. The table indicates that the opportunity cost emissions of nuclear (64 to 102 g-CO2e/kWh) are
higher than the lifecycle emissions (9 to 70 g-CO2e/kWh). The range of lifecycle emissions estimated in
Table 3.5 for nuclear power is well within the “range of harmonized lifecycle greenhouse gas emissions
reported in the literature,” 4 to 110 g-CO2e/kWh, from the Intergovernmental Panel on Climate Change
review (Bruckner et al., 2014, p. 540). It is also conservative relative to the 68 (10 to 130) g-CO2e/kWh
from the review of Lenzen (2008) and relative to the 66 (1.4 to 288) g-CO2e/kWh from the review of
Sovacool (2008).

Emissions from the heat and water vapor fluxes from nuclear (totaling 4.4 g-CO2-kWh) alone suggest that
during the life of an existing nuclear power plant, nuclear can never be a zero-carbon-equivalent
technology, even if its lifecycle emissions from mining and refining uranium were zero. On the other hand,
the emissions from nuclear due to covering and clearing soil are relatively small (0.17 to 0.28 g-
CO.2¢e/kWh). Finally, Table 3.5 provides a low estimate (zero) and a high estimate (1.4 g-CO2¢/kWh) for the
100-year risk of CO2e emissions associated with nuclear weapons proliferation due to nuclear energy.
These numbers are derived in Section 3.3.2.1.

The total COze emissions from nuclear power in Table 3.5 are 78 to 178 g-COze/kWh. These emissions are
9 to 37 times the COze emissions from onshore wind power. The ratio of health-affecting air pollutant
emissions from nuclear relative to onshore wind is 7 to 25. This is determined by considering only the
lifecycle, opportunity cost, and weapons proliferation emissions from nuclear and wind in Table 3.5.

Although the emissions from nuclear are lower than from coal or natural gas with carbon capture, nuclear
power’s high COze emissions coupled with its long planning-to-operation time render it an opportunity cost
relative to the faster-to-operate and lower-emitting alternative WWS technologies (Jacobson, 2009).

3.3.1.3. Nuclear Costs

The third risk of nuclear power related to its ability to reduce global warming and air pollution is the high
cost for a new nuclear reactor relative to most WWS technologies. In addition, the cost of running existing
nuclear reactors has increased significantly, and the costs of new WWS technologies have dropped so
much, that many existing reactors are shutting down early due to high costs. Others have requested large
subsidies to stay open. In this section, nuclear costs are discussed briefly.

The levelized cost of energy (LCOE) for a new nuclear plant in 2018, based on calculations by Lazard
(2018), is $151 (112 to 189)/MWh, where $100/MWh equals 10 ¢/kWh. This compares with $43 (29 to
56)/MWh for onshore wind and $41 (36 to 46)/MWh for utility-scale solar PV from the same source (Table
7.9). A good portion of the high cost of nuclear is related to its long planning-to-operation time, which in
turn is partly due to construction delays.

This nuclear LCOE is an underestimate for several reasons. First, Lazard assumes a construction time for
nuclear of 5.75 years. However, the Vogtle 3 and 4 reactors, though will take at least 8.5 to 9 years to finish
construction. This additional delay alone results in an estimated LCOE for nuclear of about $172 (128 to
215)/MWh, or a cost 2.3 to 7.4 times that of an onshore wind farm (or utility PV farm).



Next, the LCOE does not include the cost of the major nuclear meltdowns in history. For example, the
estimated cost to clean up the damage from three Fukushima Dai-ichi nuclear reactor core meltdowns in
2011 (Section 3.3.2.2) was $460 to $640 billion (Denyer, 2019). This is equivalent to a mean of about $1.2
billion, or 10 to 18.5 percent of the capital cost, of every nuclear reactor that exists worldwide.

In addition, the LCOE does not include the cost of storing nuclear waste for hundreds of thousands of
years. In the U.S. alone, about $500 million is spent yearly to safeguard nuclear waste from about 100
civilian nuclear energy plants (Garthwaite, 2018). This amount will only increase as waste continues to
accumulate. After the plants retire, the spending must continue for hundreds of thousands of years with no
revenue stream from electricity sales to pay for the storage.

The spiraling cost of new nuclear plants in recent years has resulted in the cancelling of several nuclear
reactors under construction (e.g., two reactors in South Carolina) and in requests for subsidies to keep
construction projects alive (e.g., the two Vogtle reactors in Georgia). High costs have also reduced the
number of new constructions to a crawl in liberalized markets of the world. However, in some countries,
such as China, nuclear reactor growth continues due to large government subsidies, albeit with a 10- to 19-
year time lag between planning and operation (Section 3.3.1.1) and escalating costs.

In sum, before accounting for meltdown damage and waste storage, a new nuclear power plant costs 2.3
to 7.4 times that of an onshore wind farm (or utility PV farm), take 5 to 17 years longer between
planning and operation, and produces 9 to 37 times the emissions per unit electricity generated. Thus,
a fixed amount of money spent on a new nuclear plant means much less power generation, a much longer
wait for power, and much greater emission rate than the same money spent on WWS technologies.

The Intergovernmental Panel on Climate Change similarly concluded that the economic, social, and
technical feasibility of nuclear power have not improved over time,

“The political, economic, social and technical feasibility of solar energy, wind energy
and electricity storage technologies has improved dramatically over the past few years,
while that of nuclear energy and Carbon Dioxide Capture and Storage (CCS) in the
electricity sector has not shown similar improvements.” (de Coninck et al., 2018, page 4-
5)

Costs of existing operating nuclear plants have also escalated tremendously, forcing some plants either to
shut down early or request large subsidies to stay open. Whether an existing nuclear plant should be
subsidized to stay open should be evaluated on a case-by-case basis. The risk of shutting a functioning
nuclear plant is that its energy may be replaced by higher-emitting fossil fuel generation. However, the risk
of subsidizing the plant is that the funds could otherwise be used immediately to replace the nuclear plant
with lower-cost and lower-emitting wind or solar electricity generation. Because the nuclear plant would
usually need to be replaced within a decade in any case, simply incurring the cost of new renewables now
will almost always be less expensive than spending the same money on renewables in ten years and paying
nuclear a subsidy today.

For example, in 2016, three existing upstate New York nuclear plants requested and received subsidies to
stay open using the argument that the plants were needed to keep emissions low. However, Cebulla and
Jacobson (2018) found that subsidizing such plants may increase carbon emissions and costs relative to
replacing the plants with wind or solar. For different nuclear plants and subsidy levels, the results could
change, which is why each plant needs to be evaluated individually.



3.3.2. Risks Affecting the Ability of Nuclear Power to Address Energy and Environmental Security
The second category of risk related to nuclear power is the risk of the plant not being able to provide stable
energy and environmental security. One reason for this is the risk of nuclear meltdown. Others are its risks
of increasing weapons proliferation, radioactive waste exposure, and damage (cancer and land degradation)
due to uranium mining. WWS technologies do not have these risks.

3.3.2.1. Weapons Proliferation Risk

The first risk of nuclear power related to energy and environmental security is weapons proliferation risk.
The growth of nuclear energy has historically increased the ability of nations to obtain or harvest plutonium
or enrich uranium to manufacture nuclear weapons. As stated by Fuhrmann (2009),

“Peaceful nuclear cooperation and nuclear weapons are related in two key respects. First, all
technology and materials related to a nuclear weapons program have legitimate civilian
applications. For example, uranium enrichment and plutonium reprocessing facilities are dual-
use in nature because they can be used to produce fuel for power reactors or fissile material for
nuclear weapons. Second, civilian nuclear cooperation builds-up a knowledge-base in nuclear
matters.”

The Intergovernmental Panel on Climate Change recognizes this fact. They conclude, with “robust
evidence and high agreement” that nuclear weapons proliferation concern is a barrier and risk to the
increasing development of nuclear energy:

“Barriers to and risks associated with an increasing use of nuclear energy include
operational risks and the associated safety concerns, uranium mining risks, financial
and regulatory risks, unresolved waste management issues, nuclear weapons
proliferation concerns, and adverse public opinion). (Bruckner et al., 2014, Executive
Summary, p. 517).

The building of a nuclear reactor for energy in a country that does not currently have a reactor increases the
risk of nuclear weapons development in that country. Specifically, it allows the country to import uranium
for use in the nuclear energy facility. If the country so chooses, it can secretly enrich the uranium to create
weapons grade uranium as well as harvest plutonium from uranium fuel rods used in a nuclear reactor, for
nuclear weapons. This does not mean any or every country will do this, but historically some have, and the
risk is high, as noted by IPCC.

The next risk is whether a nuclear weapon developed in this manner is used. That risk also ranges from
zero to some risk. If a weapon is used, it may kill 2 to 20 million people and burn down a megacity,
releasing substantial emissions. As such, beyond the horrible risk of loss of human life, there is a risk of
zero to some nonzero emission rate from nuclear weapons proliferation resulting from nuclear energy
proliferation. This risk is quantified later in this section. First, the difference between weapons grade and
reactor grade uranium and plutonium is described.

Uranium ore is mined in an open pit or underground and contains 0.1 to 1 percent uranium by mass. The
ore is milled to concentrate the uranium in the form of a yellow power called yellowcake, which contains
about 80 percent uranium oxide. Uranium is then processed further into uranium dioxide or uranium
hexafluoride for use in nuclear reactors. However, before the uranium can be used in a reactor, it must first
be enriched.



Of all uranium on Earth, 99.2745 percent is U, 0.72 percent is **U, and 0.0055 percent is **U. Thus, less
than 1 percent is 2*°U. **U has a half-life of 4.5 billion years. Most commercial light water nuclear reactors
use uranium consisting of 3 to 5 percent 2*U. As such, the concentration of *°U in the uranium fuel rod
must be increased from its ore concentration. This is done by enrichment. Uranium enrichment is the
process of separating the isotopes of uranium to increase the percent of 2*°U in a batch. Enriched uranium is
useful for both nuclear energy and nuclear weapons.

Enrichment is done either by gas diffusion, centrifugal diffusion, or mass separation by magnetic field.
Only gas diffusion and centrifugal diffusion are commercial processes, and most enrichment today is by
centrifugal diffusion because it consumes only 2 to 2.5 percent the energy as gas diffusion. Nevertheless,
centrifugal diffusion still requires many centrifuges running for long periods, thus lots of energy.
Centrifugal diffusion works by spinning a cylindrical container containing uranium. The heavier 233U atoms
collect toward the outside edge of the cylinder and the lighter 23U atoms collect toward the inside.

Uranium with less than 20 percent 2°U is called low enriched uranium. Highly enriched uranium
contains 20 to 90 percent 2*3U. A nuclear weapon can be made with highly enriched uranium. However,
weapons increase their destructiveness with more enrichment. Thus, ninety percent or more 2°U is
considered weapons grade uranium and is generally used with enriched plutonium in a nuclear bomb. An
estimated 9,000 centrifuges can produce enough weapons grade 2**U for one nuclear weapon from natural
uranium in about seven months. With 5,000 centrifuges, the process takes about one year (IranWatch,
2015). Because uranium in a fuel rod used for nuclear energy has only 3 to 5 percent 2°U and even less
once it goes through a nuclear reactor, spent fuel rods are not considered a useful source of weapons grade
uranium.

Plutonium is also used in nuclear weapons. 10 kg of 2*Pu was used in the bomb dropped on Nagasaki.
Plutonium can be obtained from a once-through nuclear reactor running on a reactor grade uranium fuel
rod. When 2°U decays and releases neutrons in a nuclear reactor, a neutron can bind with a 2*8U atom to
produce *U, which decays to produce 2*°P. Plutonium that is 93 percent or more *°Pu is considered
weapons grade plutonium. Plutonium less than 80 percent plutonium is reactor grade. Because any
plutonium can be used to make a bomb and is easier to obtain than enriching uranium (since plutonium can
be harvested from a fuel rod running through a nuclear reactor), plutonium is considered the element of
even greater concern than uranium with respect to nuclear weapons proliferation.

A large-scale worldwide increase in nuclear energy facilities would exacerbate the risk of nuclear weapons
proliferation. In fact, producing material for a weapon requires merely operating a civilian nuclear power
plant together with a sophisticated plutonium separation facility. The historic link between nuclear energy
facilities and weapons is evidenced by the development or attempted development of weapons capabilities
secretly under the guise of peaceful civilian nuclear energy or nuclear energy research programs in
Pakistan, India, Iraq (prior to 1981), Syria (prior to 2007), Iran, and, North Korea, among other countries.

If the world’s all-purpose energy were converted to electricity and electrolytic hydrogen by 2050, the ~9
trillion watts (TW) in resulting annual average end-use electric power demand would require about 12,500
850-MW nuclear reactors (31 times the number of active reactors today), or one installed every day for 34
years. Not only is this construction time impossible given the long PTO of nuclear, but it would also result
in all known reserves of uranium worldwide for once-through reactors running out in about three years. As
such, there is no possibility the world will run solely on once-through nuclear energy by 2050.

Even if only 6.4 percent of the world’s energy were supplied with nuclear, the number of active nuclear
reactors worldwide would nearly double to around 800. Many more countries would possess nuclear



reactors, increasing the risk that some of these countries would use the facilities to mask the development
of nuclear weapons, as has occurred historically.

If a country were to develop a weapon as a result of its acquisition of one or more nuclear energy facilities,
the risk that it would use the weapons is not zero. Here, the emissions associated with a limited nuclear
exchange are quantified.

The explosion of fifty 15-kilotonne nuclear devices (a total of 1.5 megatonne, or 0.1 percent of the yield of
a full-scale nuclear war) during a limited nuclear exchange in a megacity would kill 2.6 to 16.7 million
people from the explosion and burn 63 to 313 Tg of city infrastructure, adding 1 to 5 Tg of warming and
cooling aerosol particles to the atmosphere, including much of it to the stratosphere (Jacobson, 2009). The
particle emissions would cause significant short- and medium-term regional temperature changes. The CO2
emissions would cause long-term warming. The CO2 emissions from such a conflict are projected to be 92
to 690 Tg-COx.

The annual electricity production due to nuclear energy in 2017 was 2,506 TWh/y. If that doubled to 5,000
TWh/y and if one nuclear exchange, as described above, resulted during a 100 year period, the net carbon
emissions due to nuclear weapons proliferation caused by the expansion of nuclear energy worldwide
would be 0.2 to 1.4 g-CO2/kWh. This calculation assumes that the total energy generation is 5,000 TWh/y
multiplied by 100 years. The resulting emission rate depends on the probability of a nuclear exchange over
a given period and the strengths of nuclear devices used. The probability is bounded between 0 and 1
exchange over 100 years to give the range of possible emissions for one such event as 0 to 1.4 g-
CO2e¢/kWh, which is the emission rate used in Table 3.5.

3.3.2.2. Meltdown Risk

The second risk of nuclear power related to energy security is meltdown risk. As stated in Section 3.3.2.1,
the Intergovernmental Panel on Climate Change points to operational risks (meltdown) as a barrier and
risk associated with nuclear power.

Through 2019, about 1.5 percent of all nuclear reactors operating in history have had a partial or significant
core meltdown. To date, meltdowns at nuclear power plants have been either catastrophic (Chernobyl,
Russia in 1986; three reactors at Fukushima Dai-ichi, Japan in 2011) or damaging (Three-Mile Island,
Pennsylvania in 1979; Saint-Laurent France in 1980). The nuclear industry has proposed new reactor
designs that they suggest are safer. However, these designs are generally untested, and there is no guarantee
that the reactors will be designed, built and operated correctly or that a natural disaster or act of terrorism,
such as an airplane flown into a reactor, will not cause the reactor to fail, resulting in a major disaster.

On March 11, 2011, an earthquake measuring 9.0 on the Richter scale, and the subsequent tsunami that
knocked out backup power to a cooling system, caused six nuclear reactors at the Fukushima 1 Dai-ichi
plant in northeastern Japan to shut down. Three reactors experienced a significant meltdown of nuclear
fuel rods and multiple explosions of hydrogen gas that had formed during efforts to cool the rods with
seawater. Uranium fuel rods in a fourth reactor also lost their cooling. As a result, cesium-137, iodine-131,
and other radioactive particles and gases were released into the air. Locally, tens of thousands of people
were exposed to the radiation, and 170,000 to 200,000 people were evacuated from their homes. 1,600 to
3,700 people perished during the evacuation alone (Johnson, 2015; Denyer, 2019). At least one nuclear
plant worker died from lung cancer from direct radiation exposure (BBC News, 2018).

The radiation release created a dead zone around the reactors that may not be safe to inhabit for decades to
centuries. The radiation also poisoned the water and food supplies in and around Tokyo. The radiation



plume from the plant spread worldwide within a week. Radioactivity spread worldwide, although levels in
Japan within 100 km of the plant were extremely high, those in the rest of Japan and eastern China were
lower, and those in North America and Europe were even lower (Ten Hoeve and Jacobson, 2012). It is
estimated that 130 (15 to 1,100) cancer related mortalities and 180 (24 to 1,800) cancer-related morbidities
will occur worldwide, primarily in eastern Asia, over the next several decades due to the meltdown (Ten
Hoeve and Jacobson, 2012). The cost of the cleanup of the Fukushima reactors and the surrounding area is
estimated at $460 to $640 billion (Denyer, 2019), equivalent to about $1.2 billion for every nuclear reactor
that exists worldwide.

The 1.5 percent risk of a catastrophe due to nuclear power plants is a high risk. Catastrophic risks with all
WWS technologies aside from large hydropower (due to the risk of dam collapse) are zero. WWS
roadmaps do not call for an increase in the number of large hydropower dams worldwide, only a more
effective use of existing ones.

3.3.2.3. Radioactive Waste Risks

Another risk associated with nuclear power is the risk of human and animal exposure to radioactivity from
fuel rods consumed by once-through nuclear reactors. Such fuel rods, once consumed, are considered
radioactive waste. Currently, most fuel rods are stored at the same site as the reactor that consumed them.
This has given rise to hundreds of radioactive waste sites in many countries that must be maintained for at
least 200,000 years, far beyond the lifetimes of any nuclear power plant. Plans in the United States, which
houses about one quarter of all nuclear reactors worldwide, to store the waste inside of Yucca Mountain,
have not been approved. The more nuclear waste accumulates, the greater the risk of radioactive leaks,
which can damage water supply, crops, animals, and humans.

3.3.2.4. Uranium Mining Health Risks and Land Degradation

The final risks discussed related to nuclear power are the risk of lung cancer by miners and land
degradation due to uranium mining. Such risks continue so long as nuclear power plants continue to operate
because the plants need uranium to produce electricity. WWS technologies, on the other hand, do not
require the continuous mining of any material, only one-time mining to produce the WWS devices. As
such, WWS technologies do not have this risk.

Uranium mining causes lung cancer in large numbers of miners because uranium mines contain natural
radon gas, some of whose decay products are carcinogenic. Several studies have found a link between high
radon levels and cancer (e.g., Henshaw et al., 1990; Lagarde et al., 1997). A study of 4,000 uranium miners
between 1950 and 2000 (CDC, 2000) found that 405 (10 percent) died of lung cancer, a rate six times that
expected based on smoking rates alone. 61 others died of mining related lung diseases, supporting the
hypothesis that uranium mining is unhealthy. In fact, the combination of radon and cigarette smoking
increases lung cancer risks above the normal risks associated with smoking (Hampson et al., 1998). Clean,
renewable energy does not have this risk because (a) it does not require the continuous mining of any
material, only one-time mining to produce the energy generators; and (b) the mining does not carry the
same lung cancer risk that uranium mining does.



Radon (Rn) is a radioactive but chemically unreactive, colorless, tasteless, and odorless gas that forms
naturally in soils. The source of radon gas is the radioactive decay of *U. Radon formation from uranium
involves a long sequence of radioactive decay processes. During radioactive decay of an element, the
element spontaneously emits radiation in the form of an alpha (a) particle, beta (f) particle, or gamma (y)
ray. An alpha particle is the nucleus of a helium atom, which is made of two neutrons and two protons. It
is the least penetrating form of radiation and can be stopped by a thick piece of paper. Alpha particles are
not dangerous unless the emitting substance is inhaled or ingested. A beta particle is a high-velocity
electron. Beta particles penetrate deeper than do alpha particles, but less than do other forms of radiation,
such as gamma rays. A gamma ray is a highly energized, deeply penetrating photon emitted from the
nucleus of an atom not only during nuclear fusion (e.g., in the sun's core), but also sometimes during
radioactive decay of an element.

The French physicist Antoine Henri Becquerel (1871 to 1937) discovered radioactive decay on March 1,
1896. Becquerel placed a uranium-containing mineral on top of a photographic plate wrapped by thin,
black paper. After letting the experiment sit in a drawer for a few days, he developed the plate and found
that it had become fogged by emissions, which he traced to the uranium in the mineral. He referred to the
emissions as metallic phosphorescence. What he had discovered was the emission of some type of particle
due to radioactive decay. He repeated the experiment by placing coins under the paper and found that their
outlines were traced by the emissions. Two years later, the New Zealand-born, British physicist Ernest
Rutherford (1871 to 1937) found that uranium emitted two types of particles, which he named alpha and
beta particles. Rutherford later discovered the gamma ray as well.
Equation 3.11 summarizes the radioactive decay pathway of Ut
each decay process.

Pb. Numbers shown are half-lives of

4.5x10%yr 24.d 12min  2.5x107yr 8x10%yr 1620 yr 3.8d

238y +> 234Th ~}—> 234py —|'—> 234y —|'—> 230Th —|'—> 226Ra —|'—> 222Rn —|'—> 218pq
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~L—> Zl4pb ~L—> 214Bi ~L—> 2]4P0 ~L+ 2]0Pb ~L—> 2]0Bi ~L—> 21()P()~L—> 2()6Pb

(3.11)
When it decays to produce radon, *8U first releases an alpha particle, producing thorium-234 (234Th),
which decays to protactinium-234 (234Pa), releasing a beta particle. ***pa has the same number of protons
and neutrons in its nucleus as does ~'Th, but **Pa has one less electron than does ***Th, giving **pa a
positive charge. *pa decays further to uranium-234 (234U), then to thorium-230 (230Th), then to radium-

226 (226Ra), and then to radon-222 (222Rn).

Whereas radon precursors are bound in minerals, *Rnisa gas that can be breathed in. **Rn has a half-life
of 3.8 days. It decays to polonium-218 (218P0), which has a half-life of 3 minutes and decays to lead-214
2 *%po and 214Pb, referred to as radon progeny, are electrically charged and can be inhaled or attach

(" "Pb).

to particles that are inhaled. In the lungs or in ambient air, *pp decays to bismuth-214 (214Bi), which

decays to polonium-214 (214P0). *po decays almost immediately to lead-210 (Zlon), which has a lifetime
210

of 22 years and usually settles to the ground if it has not been inhaled. It decays to bismuth-210 (" "Bi), then

to polonium-210 (ZIOPO), and then to the stable isotope, lead-206 (2°6Pb), which does not decay further.



222Rn, a gas, is not itself harmful, but its progeny, *%po and 214Pb, which enter the lungs directly or on the
surfaces of aerosol particles, are highly carcinogenic (Polpong and Bovornkitti, 1998). Any activity, such
as uranium mining, increasing the inhalation of aerosol particles (e.g., dust) enhances the risk of inhaling
radon progeny. As such, exposure of uranium miners to radon is another risk associated with nuclear
energy.

Like with coal, oil, and natural gas mining, uranium mining also despoils land and reduces the carbon
stored in soil. In 2017, 19 countries mined uranium. Kazakhstan, Canada, Australia, Namibia, and Niger
produced the most uranium. Mines can be open pit or underground. Open pit mines cause the most land
degradation. Table 3.5 provides an estimate of the effective COze emissions due to clearing vegetation from
land for uranium mining associated with nuclear power. The continuous mining for fuels is not needed in a
100 percent WWS world.

3.2.2. Total COze Emissions of Energy Technologies

Lifecycle emissions are one component of total carbon equivalent (COze) emissions. Additional
components relevant to fossil fuels with carbon capture include opportunity cost emissions, anthropogenc
heat emissions, anthropogenic water vapor emissions, emissions risk due to CO: leakage, and emissions
due to covering or clearing land for energy development. These are discussed next, in turn.

3.2.2.1. Opportunity Cost Emissions

Opportunity cost emissions are emissions from the background electric power grid, averaged over a
defined period of time (e.g., either 20 years or 100 years), due to two factors. The first factor is the longer
time lag between planning and operation of one energy technology relative to another. The second factor is
the longer downtime needed to refurbish one technology at the end of its useful life when its useful life is
shorter than that of another technology (Jacobson, 2009).

For example, if Plant A takes 4 years and Plant B takes 10 years between planning and operation, the
background grid will emit pollution for 6 more years out of 100 years with Plant B than with Plant A. The
emissions during those additional 6 years are opportunity cost emissions. Such additional emissions include
emissions of both health- and climate-affecting air pollutants.

Similarly, if Plant A and B have the same planning-to-operation time but Plant A has a useful life of 20
years and requires 2 years of refurbishing to last another 20 year and Plant B has a useful life of 30 years
but takes only 1 year of refurbishing, then Plant A is down 2 y / 22 y = 9.1 percent of the time for
refurbishing and Plant B is down 1 y / 31 y = 3.2 percent of the time for refurbishing. As such, Plant B is
down an additional (0.091 — 0.032) x 100 y = 5.9 years out of every 100 for refurbishing. During those
additional years, the background grid will emit pollution with Plant B.

Mathematically, opportunity cost emissions (Eoc, in g-CO2¢/kWh) are calculated as

Eoc = EBru- EBrL 3.1



where Egrn are total background grid emissions over a specified number of years due to delays between
planning and operation and downtime for refurbishing of the technology with the more delays. Esrris the
same but for the technology with the fewer delays. Background emissions (for either technology) over the
number of years of interest, Y, are calculated as

Esr=Eqg X ([Tpo + (Y — Tro) X Tr / (L+TRr)]/ Y (3.2)

where Ec is the emissions intensity of the background grid (g-CO2e/kWh for analyses of the climate
impacts and g-pollutant/kWh for analyses of health-affecting air pollutants), Tro is the time lag (in years)
between planning and operation of the technology, Tr is the times (years) to refurbish the technology, and
L is the operating life (years) of the technology before it needs to be refurbished.

Example 3.1. Opportunity cost emissions.

What are the opportunity cost emissions (g-CO»e/kWh) over 100 years resulting from Plant B if its planning-to-
operation time is 15 years, its lifetime is 40 years, and its refurbishing time is 3 years, whereas these values for Plant A
are 3 years, 30 years, and 1 year, respectively? Assume both plants produce the same number of kWh/y once operating,
and the background grid emits 550 g-CO,e/kWh.

Solution:

The opportunity cost emissions are calculated as the emissions from the background grid over 100 years of the plant
with the higher background emissions (Plant B in this case) minus those from the plant with the lower background
emissions (Plant A).

The background emissions from Plant B are calculated from Equation 3.2 with EG=550 g-CO,e/kWh, Y=100 y, Tpo=15
y, L=40 y, and Tr=3 y as Egr z=550 g-CO2e/kWh x [15y + (100 y—15y) x 3y /43 y)]/ 100y =115 g-CO»e/kWh.

Similarly, the background emissions from Plant A averaged over 100 years are Egr 1 =550 g-CO»e/kWh x [3 y + (100 y
—-3y)x1y/31y)]/100y=33.7 g-CO,e/kWh. The difference between the two from Equation 3.1, Eoc= Egr u-Egr1=
81.3 g-CO»e/kWh, is the opportunity cost emissions of Plant B over 100 years.

The time lag between planning and operation of a technology includes a development time and construction
time. The development time is the time required to identify a site, obtain a site permit, purchase or lease the
land, obtain a construction permit, obtain financing and insurance for construction, install transmission,
negotiate a power purchase agreement, and obtain permits. The construction period is the period of building
the plant, connecting it to transmission, and obtaining a final operating license.

The development phase of a coal-fired power plant without carbon capture equipment is generally 1 to 3
years, and the construction phase is another 5 to 8 years, for a total of 6 to 11 years between planning and
operation (Jacobson, 2009). No coal plant has been built from scratch with carbon capture, so this could
add to the planning-to-operation time. However, for a new plant, it is assumed that the carbon capture
equipment can be added during the long planning-to-operation time of the coal plant itself. As such, Table
3.5 assumes the planning-to-operation time of a coal plant without carbon capture is the same as that with
carbon capture. The typical lifetime of a coal plant before it needs to be refurbished is 30 to 35 years. The
refurbishing time is an estimated 2 to 3 years.

No natural gas plant with carbon capture exists. The estimated planning-to-operation time of a natural gas
plant without carbon capture is less than that of a coal plant. However, because of the shorter time, the
addition of carbon capture equipment to a new natural gas plant is likely to extend its planning-to-operation
time to that of a coal plant with or without carbon capture (6 to 11 years).

For comparison, the planning-to-operation time of a utility-scale wind or solar farm is generally 3 to 5
years, with a development period of 1 to 3 years and a construction period of 1 to 2 years (Jacobson, 2009).



This time applies to both onshore and offshore wind. For example, the 407 MW (49 turbine) Horns Rev 3
offshore wind farm, located in the North Sea off of the west coast of Denmark, required 1 year and 10
months to build (Frangoul, 2019). Wind turbines often last 30 years before refurbishing, and the
refurbishing time is 0.25 to 1 year.

Table 3.5 provides the estimate opportunity cost emissions of coal and natural gas with carbon capture due
to the time lag between planning and operation of those plants relative to wind or solar farms. The table
indicates an investment in fossil fuels with carbon capture instead of wind and solar result in an additional
46 to 62 g-CO2¢/kWh in opportunity cost emissions from the background grid.

Table 3.5. Total 100-year CO,e emissions from several different energy technologies. The total includes lifecycle
emissions, opportunity cost emissions, anthropogenic heat and water vapor emissions, weapons and leakage risk
emissions, and emissions from loss of carbon storage in land and vegetation. All units are g-CO,e/kWh-electricity,
except the last, column, which gives the ratio of total emissions of a technology to the emissions from onshore wind.
CCS/U is carbon capture and storage or use.

Technology aLifecycle | ®Opportuni | ©Anthro- 4Anthro- °Nuclear | fLoss of CO, £Total Ratio of
emissions ty cost pogenic pogenic Weapons | due to covering | 100-year | 100-year
emissions heat water vapor risk or land or clearing COze COse to
due to emissions emissions | 100-Year vegetation that of
delays CCS/U wind-
leakage onshore
risk
Solar PV-rooftop 15-34 -12to -16 -2.2 0 0 0 0.8-15.8 0.1-3.3
Solar PV-utility 10-29 0 2.2 0 0 0.054-0.11 7.85-26.9 | 0.91-5.6
CSpP 8.5-24.3 0 2.2 0to2.8 0 0.13-0.34 6.43-25.2 | 0.75-5.3
Wind-onshore 7.0-10.8 0 -1.7t0-0.7 | -0.5t0-1.5 0 0.0002-0.0004 4.8-8.6 1
Wind-offshore 9-17 0 -1.7t0-0.7 | -0.5t0-1.5 0 0 6.8-14.8 0.79-3.1
Geothermal 15.1-55 14-21 0 0to2.8 0 0.088-0.093 29-79 3.4-16
Hydroelectric 17-22 41-61 0 271026 0 0 61-109 7.1-22.7
Wave 21.7 4-16 0 0 0 0 26-38 3.0-7.9
Tidal 10-20 4-16 0 0 0 0 14-36 1.6-7.5
Nuclear 9-70 64-102 1.6 2.8 0-1.4 0.17-0.28 78-178 9.0-37
Biomass 43-1,730 36-51 34 32 0 0.09-0.5 86-1,788 10-373
Natural gas-CCS/U 179-405 46-62 0.61 3.7 0.36-8.6 0.41-0.69 230-481 27-100
Coal-CCS/U 230-935 46-62 1.5 3.6 0.36-8.6 0.41-0.69 282-1,011 33-211

Lifecycle emissions are 100-year carbon equivalent (CO,e) emissions that result from the construction, operation, and
decommissioning of a plant. They are determined as follows:

Solar PV-rooftop: The range is assumed to be the same as the solar PV-utility range, but with 5 g-CO»/kWh added to
both the low and high ends to account for the use of fixed tilt for all rooftop PV versus the use of some tracking
for utility PV.

Solar PV-utility: The range is derived from Fthenakis and Raugei (2017). It is inclusive of the 17 g-CO»/kWh mean
for CdTe panels at 11 percent efficiency, the 27 g-CO,e/kWh mean for multi-crystalline silicon panels at 13.2
percent efficiency, and the 29 gCO,e/kWh mean for mono-crystalline silicon panels at 14 percent efficiency. The
upper limit of the range is held at the mean for multi-crystalline silicon since panel efficiencies are now much
higher than 13.2 percent. The lower limit is calculated by scaling the CdTe mean to 18.5 percent efficiency, its
maximum in 2018.

CSP: The lower limit CSP lifecycle emission rate is from Jacobson (2009). The upper limit is from Ko et al. (2018).

Wind-onshore and wind-offshore: The range is derived from Kaldelis and Apostolou (2017).

Geothermal: The range is from Jacobson (2009) and consistent with the review of Tomasini-Montenegro et al.
(2017).

Hydroelectric and wave: From Jacobson (2009).

Tidal: From Douglass et al. (2008).

Nuclear: The range of 9-70 g-CO,e/kWh is from Jacobson (2009), which is within the Intergovernmental Panel on
Climate Change (IPCC)’s range of 4-110 g-CO,e/kWh (Bruckner et al., 2014), and conservative relative to the 68
(10-130) g-CO2e/kWh from the review of Lenzen (2008) and the 66 (1.4-288) g-CO,e/kWh from the review of
Sovacool (2008).




Biomass: The range provided is for biomass electricity generated by forestry residues (43 gCO,e/kWh), industry
residues (46), energy crops (208), agriculture residues (291), and municipal solid waste (1730) (Kadiyala et al.,
2016).

Natural gas-CCS/U: The lower bound is for the CCGT with carbon capture plant from Skone (2015), also provided
in Table 3.4. The upper bound is CCGT value without carbon capture, 506 g-CO,e/kWh from Table 3.4,
multiplied by 80 percent, which is the percent of CO,e emissions expected to be captured from the Petra Nova
facility that will remain in the air over 100 years (Table 3.6).

Coal-CCS/U: The lower bound is for IGCC with carbon capture from Skone (2015). The upper bound is the coal
value without carbon capture, 1,168 g-CO,e/kWh from Table 3.6, multiplied by 80 percent, which is the percent of
coal lifecycle COse emissions from the Petra Nova facility that will remain in the air over 100 years (Table 3.6).

*Opportunity cost emissions are emissions per kWh over 100 years from the background electric power grid, calculated
from Equations 3.1 and 3.2 due to (a) the longer time lag between planning and operation of one energy technology
relative to another and (b) additional downtime to refurbish a technology at the end of its useful life compared with
the other technology. The planning-to-operation times of the technologies in this table are 0.5-2 years for solar PV-
rooftop; 2-5 years for solar PV-utility, CSP, wind-onshore, wind-offshore, tidal, and wave; 3-6 years for geothermal;

8-16 years for hydroelectric; 10-19 years for nuclear; 4-9 years for biomass (without CCS/U), and 6-11 years for

natural gas-CCS/U and coal-CCS/U (Jacobson, 2009, except rooftop PV and natural gas-CCS/U values are added

and solar PV-rooftop is updated here). The refurbishment times are 0.05-1 year for solar PV-rooftop; 0.25-1 year for

solar-PV-utility, CSP, wind-onshore, wind-offshore, wave, and tidal; 1-2 years for geothermal and hydroelectric; 2-4

years for nuclear, and 2-3 years for biomass, coal-CCS/U, and natural gas-CCS/U. The lifetimes before

refurbishment are 15 years for tidal and wave; 30 years for solar PV-rooftop, solar PV-utility, CSP, wind-onshore,
wind-offshore; 30-35 years for biomass, coal-CCS/U, and natural gas-CCS/U; 30-40 years for geothermal; 40 years
for nuclear; and 80 years for hydroelectric (Jacobson, 2009). The opportunity cost emissions are calculated here
relative to the utility-scale technologies with the shortest time between planning and operation (solar-PV-utility,

CSP, wind-onshore, and wind-offshore). The opportunity cost emissions of the latter technologies are, by definition,

zero. The opportunity cost emissions of all other technologies are calculated like in Example 3.1 while assuming a

background U.S. grid emission intensity equal to 557.3 g-CO»e/kWh in 2017. This is derived from an electricity mix

from EIA (2018d) and emissions, weighted by their 100-year GWPs, of CO,, CHs, and N>O from mining,

transporting, processing and using fossil fuels, biomass, or uranium. The reason tidal power has opportunity cost
emissions although its planning-to-operation time is the same as onshore wind is the shorter lifetime of tidal turbines
than wind turbines. Thus, tidal has more down time over 100 years than do other technologies. See Section 3.2.2.1.

The opportunity cost emissions of offshore and onshore wind are assumed to be the same because new projects

suggest offshore wind, particularly with faster assembly techniques and with floating turbines, are easier to permit

and install now than a decade ago. Although natural gas plants don’t take so long as coal plants between planning
and operation, natural gas combined with CCS/U is assumed to take the same time as coal with CCS/U.
¢Anthropogenic heat emissions here include the heat released to the air from combustion (for coal or natural gas) or
nuclear reaction, converted to COe (see Section 3.2.2.2). For solar PV and CSP, heat emissions are negative because
these three technologies reduce sunlight to the surface by converting it to electricity. The lower flux to the surface
cools the ground or a building below the PV panels. For wind turbines, heat emissions are negative because turbines
extract energy from wind to convert it to electricity (Section 3.2.2.3 and Example 3.6). For binary geothermal plants

(low end), it is assumed all heat is re-injected back into the well. For non-binary plants, it is assumed that some heat

is used to evaporate water vapor (thus the anthropogenic water vapor flux is positive) but remaining heat is injected

back into the well. The electricity from all electric power generation also dissipates to heat, but this is due to the
consumption rather than production of power and is the same amount per kWh for all technologies so is not included
in this table.

dAnthropogenic water vapor emissions here include the water vapor released to the air from combustion (for coal and
natural gas) or from evaporation (water-cooled CSP, water-cooled geothermal, hydroelectric, nuclear natural gas,
and coal), converted to COse (see Section 3.2.2.3). Air-cooled CSP and geothermal plants have zero water vapor
flux, representing the low end of these technologies. The high end is assumed to be the same as for nuclear, which
also uses water for cooling. The low end for hydroelectric power assumes 1.75 kg-H,O/kWh evaporated from
reservoirs at mid to high latitudes (Flury and Frischknecht, 2012). The upper end is 17.0 kg-H,O/kWh from

Jacobson (2009) for lower latitude reservoirs and assumes reservoirs serve multiple purposes. For biomass, the

number is based only on the water emitted from the plant due to evaporation or combustion, not water to irrigate

some energy crops. Thus, the upper estimate is low. The negative water vapor flux for onshore and offshore wind is

due to the reduced water evaporation caused by wind turbines (Section 3.2.2.3 and Example 3.6).

“Nuclear weapons risk is the risk of emissions due to nuclear weapons use resulting from weapons proliferation caused
by the spread of nuclear energy. The risk ranges from zero (no use of weapons over 100 years) to 1.4 g-CO-e/kWh

(one nuclear exchange in 100 years) (Section 3.3.2.1). The 100-year CCS/U leakage risk is the estimated rate,




averaged over 100 years, that CO, sequestered underground leaks back to the atmosphere. Section 3.2.2.4 contains a
derivation. The leakage rate from natural gas-CCS/U is assumed to be the same as for coal-CCS/U.

fLoss of carbon, averaged over 100 years, due to covering land or clearing vegetation is the loss of carbon sequestered
in soil or in vegetation due to the covering or clearing land by an energy facility; by a mine where the fuel is
extracted from (in the case of fossil fuels and uranium); by roads, railways, or pipelines needed to transport the fuel;
and by waste disposal sites. No loss of carbon occurs for solar PV-rooftop, wind-offshore, wave, or tidal power. In
all remaining cases, except for solar PV-utility and CSP, the energy facility is assumed to replace grassland with the
organic carbon content and grass content as described in the text. For solar PV-utility and CSP, it is assumed that the
organic content of both the vegetation and soil are 7 percent that of grassland because (a) most all CSP and many PV
arrays are located in deserts with low carbon storage and (a) most utility PV panels and CSP mirrors are elevated
above the ground. For biomass, the low value assumes the source of biomass is industry residues or contaminated
wastes. The high value assumes energy crops, agricultural residues, or forestry residues. See Section 3.2.2.5.

€The total column is the sum of the previous six columns.

3.2.2.2. Anthropogenic Heat Emissions

Anthropogenic heat emissions were defined in Section 1.2.3 to include the heat released to the air from the
dissipation of electricity; from the dissipation of motive energy by friction; from the combustion of fossil
fuels, biofuels and biomass for energy; from nuclear reaction; and from anthropogenic biomass burning.
Jacobson (2014) provide the relative contributions of different energy generating technologies to
worldwide anthropogenic heat emissions.

Table 3.5 includes the g-CO2e/kWh emissions from heat of combustion (for biomass, natural gas, and coal)
and from nuclear reaction. However, because the dissipation of the resulting electricity back to heat is due
to the consumption rather than production of electricity, that heat release term is not included in the table.
In any case, the heat released per unit electricity produced is the same for all technologies.

Solar PV and CSP convert solar radiation to electricity, thereby reducing the flux of heat to the ground or to
rooftops below PV panels. This is reflected in Table 3.5 as a negative heat flux. Wind turbines also cause a
negative heat flux, discussed in Section 3.2.2.3.

The COze emissions (g-CO2e/kWh) due to the anthropogenic heat flux is calculated for all technologies
(including the negative heat fluxes due to solar and wind) as follows:

H =Eco2 X An / (Fco2 % Gelec) (3.3)

where Ecoz is the equilibrium global anthropogenic emission rate of COz (g-COz/y) that gives a specified
anthropogenic mixing ratio of COz in the atmosphere, Fcoz is the direct radiative forcing (W/m?) of CO2 at
the specified mixing ratio, Ax is the anthropogenic heat flux (W/m?) due to a specific electric power
producing technology, and Gelec is the annual global energy output of the technology (kWh/y).

The idea behind this equation is that the current radiative forcing (W/m?) in the atmosphere due to CO2 can
be maintained at an equilibrium COz emission rate,

Ecoz2 = yco2C/tcoz (3.4)

where ycoz (ppmv) is the specified anthropogenic mixing ratio that gives the current CO: radiative forcing,
C is a conversion factor (8.0055x10'% g-CO/ppmv-COz), and 7coz is the data-constrained e-folding
lifetime of COz against loss by all processes. As of 2019, tcoz is ~50 years but increasing over time (e.g.,
Jacobson, 2012a).

Equation 3.4 is derived by noting that the time rate of change of the atmospheric mixing ratio of a well-
mixed gas, such as COz is simply, dy/dt = E — xC/1. In steady state, this simplifies to E=yC/t. Scaling the



ratio of this equilibrium COz emission rate to the radiative forcing of COz by the ratio of the anthropogenic
heat flux to the electricity generation per year producing that heat flux, gives Equation 3.3, the COze
emission rate of the heat flux.

Thus, Equation 3.3 accounts for the emission rate of CO2 needed to maintain a mixing ratio of COz in the
air that gives a specific radiative forcing. It does not use the present day emission rate because that results
in a much higher CO2 mixing ratio than is currently in the atmosphere because CO2 emissions are not in
equilibrium with the CO2 atmospheric mixing ratio. Equation 3.3 requires a constant emission rate that
gives the observed mixing ratio of CO:z for which the current direct radiative forcing applies. Similarly, the
energy production rate in Equation 3.3 gives a consistent anthropogenic heat flux.

Finally, whereas radiative forcing is a top-of-the-atmosphere value (and represents changes in heat
integrated over the whole atmosphere) and heat flux is added to the bottom of the atmosphere, they both
represent the same amount of heat added to the atmosphere. In fact, because the anthropogenic heat flux
adds heat to near-surface air, it has a slightly greater impact on surface air temperature per unit radiative
forcing than does COa. For example, the globally averaged temperature change per unit direct radiative
forcing for CO2 is ~0.6 K/(W/m?) (Jacobson, 2002), whereas the temperature change per unit
anthropogenic heat plus water vapor flux is ~0.83 K/(W/m?) (Jacobson, 2014). As such, the estimated COze
values for heat fluxes in particular in Table 3.5 may be slightly underestimated.

Example 3.2. Calculate the carbon equivalent heat emissions for coal and nuclear power worldwide.

In 2005, the anthropogenic flux of heat (aside from heat used to evaporate water) from all anthropogenic heat sources
worldwide was Ay=0.027 W/m? (Jacobson, 2014). Assume the percent of all heat from coal combustion was 4.87
percent and from nuclear reaction was 1.55 percent.

Estimate the CO,e emissions corresponding to the coal and nuclear heat fluxes given the energy generation of
Gelec=8.622x10'? kWh/y from coal combustion and 2.64x10'> kWh/y from nuclear reaction.

Assume an anthropogenic CO, direct radiative forcing of Fcop=1.82 W/m?, which corresponds to an anthropogenic
mixing ratio of CO; of yco2=113 ppmv (Myhre et al., 2013). Also assume a CO, e-folding lifetime of T1c0»=50 years.

Solution:
From Equation 3.4, the equilibrium emission rate of CO, giving the anthropogenic mixing ratio is

Eco,=1.809x 106 g-CO2/y.

Multiplying the total anthropogenic heat flux by the respective fractions of heat from coal combustion and nuclear
reaction gives Ay=0.00132 W/m? for coal and 0.00042 W/m? for nuclear. Substituting these and the other given values
into Equation 3.3 gives H = 1.52 g-CO,e/kWh for coal and 1.57 g-CO,/kWh for nuclear.

Example 3.3. Calculate the carbon-equivalent negative heat emissions of a solar PV panel.

Solar panels convert about 20 percent of the sun’s energy to electricity, thereby reducing the flux of sunlight to the
ground. What is the reduction in heat flux (W/m?) per kWh/y of electricity generated by a solar panel and what is the
corresponding CO,e emission reduction? The surface area of the Earth is 5.092x10'* m?.

Solution:

If a solar panel produces Geec=1 kWh/y of electricity, the panel prevents exactly that much solar radiation from
converting to heat compared with the sunlight otherwise hitting an equally reflective surface. Eventually, the electricity
converts to heat as well (as does the electricity from all electric power generators). However, other electric power
generators do not remove heat from the sun on the same timescale as solar panels do.

Multiplying the avoided heat (-1 kWh/y) by 1,000 W/kW and dividing by 8760 h/y and by the area of the Earth gives
Ay=-2.24x10"1 W/m?. Substituting this, Gelee=1 kWh/y, and Ecoz and Fcoz from Example 3.2 into Equation 3.3 gives
H=-2.23 g-CO,e/kWh.



Finally, for hydropower, evaporation of water vapor at the surface of a reservoir by the sun increases
anthropogenic water vapor emissions (Section 3.2.2.3). Because evaporation requires energy, it cools the
surface of the reservoir. The energy used to evaporate the water becomes embodied in latent heat carried by
the water vapor. However, the water vapor eventually condenses in the air (forming clouds), releasing the
heat back to the air. As a result, warming of the air offsets cooling at the surface, so hydropower causes no
net anthropogenic heat flux. On the other hand, water vapor is a greenhouse gas, resulting in a net warming
of the air due to evaporation. This warming is accounted for in the next section.

3.2.2.3. Anthropogenic Water Vapor Emissions

Fossil fuel, biofuel, and biomass burning release not only heat, but also water vapor. The water vapor
results from chemical reaction between the hydrogen in the fuel and oxygen in the air. In addition, coal,
natural gas, and nuclear plants require cool liquid water to re-condense the hot steam as it leaves a steam
turbine. This process results in significant water evaporating out of a cooling tower to the sky. Many CSP
turbines also use water cooling although some use air cooling. Similarly, whereas non-binary geothermal
plants and some binary plants use water cooling, thus emit water vapor, binary plants that use air cooling
do not emit any water vapor. Further, water evaporates from reservoirs behind hydroelectric power plant
dams. Table 1.1 indicates that anthropogenic water vapor from all anthropogenic sources causes about 0.23
percent of global warming.

On the other hand, wind turbines reduce water vapor, a greenhouse gas, by reducing wind speeds (Chapter
7) (Jacobson and Archer, 2012; Jacobson et al., 2018a). Water evaporation is a function of wind speed (and
temperature).

In this section, the positive or negative COze emissions per unit energy (M, g-CO2¢/kWh) due to increases
or decreases in water vapor fluxes resulting from an electric power source are quantified. The emissions are
estimated with an equation similar to Equation, 3.3, except with the anthropogenic moisture energy flux
(Am, W/m?) is substituted for the heat flux:

M =Ecoz2 X Am / (Fcoz % Gelec) (3.5)

In this equation, the globally averaged moisture energy flux can be obtained from the water vapor flux per
unit energy (V, kg-H20/kWh) by

Am =V x Le X Gelec / (S X Ac) (36)
where Le=2.465x10% J/kg-H20 is the latent heat of evaporation, S=3.1536x107 seconds per year, and

A=5.092x10'* m?is the surface area of the Earth. For water evaporating from a hydropower reservoir, V =
1.75 to 17 kg-H.O/kWh (Table 3.5, footnote c).

Combining Equations 3.5 and 3.6 gives the globally averaged COze emissions per unit energy due to a
positive or negative water vapor flux resulting from an energy generator as

M =Eco2 XV X Le / (Fco2 X S x Ae) (3.7)

This equation is independent of the total annual energy production (Gelec). Examples 3.4 to 3.6 provide
calculations of anthropogenic water vapor fluxes for several of the generators in Table 3.5.

Example 3.4. Calculate the carbon-equivalent anthropogenic water vapor emissions from natural gas and nuclear
plants.



The global anthropogenic water vapor flux from natural gas power plants in 2005 was A,=0.00268 W/m? and from
nuclear power plants was A,=0.000746 W/m? (Jacobson, 2014). The total energy generation from natural gas use was
Gelee=7.208%x10'2 kWh/y and from nuclear was 2.64x10'2 kWh/y. Calculate the CO,e emissions associated with these
fluxes.

Solution:
Substituting Eco, and Feos from Example 3.2 and A, and Geiee provided in the problem into Equation 3.5 gives
M=3.69 g-CO,e/kWh for natural gas and 2.81 g-CO,e/kWh for nuclear.

Example 3.5. Calculate the carbon-equivalent anthropogenic water vapor emissions from a hydropower reservoir.
If the evaporation rate of water from a hydropower reservoir is V=1.75 kg-H,O/kWh (Flury and Frischknecht, 2012),
determine the COse emissions of water vapor from the reservoir.

Solution:
Substituting V into Equation 3.7 with Eco, and Fco, from Example 3.2 gives the carbon equivalent emissions due to
hydropower reservoir evaporation as M=2.66 g-CO,e/kWh.

Wind turbines extract kinetic energy from the wind and convert it to electricity. Kinetic energy is the
energy embodied in air due to its motion. For every 1 kWh of electricity produced, 1 kWh of kinetic energy
is extracted. Like with all electric power generation, the 1 kWh of electricity eventually converts back to
heat that is added back to the air. However, for purposes of assigning COze emissions or savings, the
conversion of electricity back to heat is not assigned to any particular electric power generator in Table 3.5.
However, the addition or extraction of heat and water vapor by the energy technology is.

When electricity dissipates to heat, some of that heat returns to kinetic energy. Heat is internal energy,
which is the energy associated with the random, disordered motion of molecules. Higher temperature
molecules move faster than lower temperature molecules. Some of the internal energy in the air causes air
to rise since warm, low-density air rises when it is surrounded by cool, high-density air. To raise the air,
internal energy is converted to gravitational potential energy (GPE), which is the energy required to lift
an object of a given mass against gravity a certain distance. The lifted parcel is now cooler as a result of
giving away some of its internal energy to GPE. Differences in GPE over horizontal distance create a
pressure gradient, which recreates some kinetic energy in the form of wind (Section 6.8).

In sum, wind turbines convert kinetic energy to electricity, which dissipates to heat. Some of that heat
converts to GPE, some of which converts back to kinetic energy. If a wind turbine did not extract kinetic
energy from the wind, that energy would otherwise still dissipate to heat due to the wind bashing into rough
surfaces, which are sources of friction. But such dissipation would occur over a longer time.

However, wind turbines have an additional effect, which is to reduce water vapor, a greenhouse gas.
When wind from dry land blows over a lake, for example, the dry wind sweeps water vapor molecules
away from the surface of the lake. More water vapor molecules must then evaporate from the lake to
maintain saturation of water over the lake surface. In this way, winds increase the evaporation of water over
not only lakes, but also over oceans, rivers, streams, and soils. Because a wind turbine extracts energy from
the wind, it slows the wind, reducing evaporation of water.

By reducing evaporation, wind turbines warm the water or soil near the turbine because evaporation is a
cooling process, so less evaporation causes warming. However, because the air now contains less water
vapor, less condensation occurs in the air. Since condensation releases heat, less of it means the air cools.

In addition, because a wind turbine slows the wind in its wake, it drops the air pressure in its wake as well
(Section 6.4). Lower pressure decreases temperature, as evidenced by the increased fog thickness in the
wake of wind turbines at the Horns Rev offshore wind farm (Hasager et al., 2013). The increase in fog



thickness results from a slight increase in the relative humidity in a turbine’s wake upon a slight drop in
temperature, which is due to the drop in pressure.

Thus, the surface warming due to wind turbines reducing evaporation is cancelled by the air-cooling due to
both lesser atmospheric condensation and lower temperatures in the turbines wake.

However, because water vapor is a greenhouse gas, less of it in the air means that more heat radiation from
the Earth’s surface escapes to space, cooling the ground, reducing internal energy. Since water vapor stays
in the air for days to weeks, its absence due to a wind turbine reduces heat to the surface over that time
more than the one-time dissipation of electricity, created by the wind turbine, increases heat.

In sum, wind turbines allow a net escape of energy to space by reducing water vapor. A portion of the lost
energy comes from the air’s internal energy, resulting in lower air temperatures. The rest comes from
kinetic energy, reducing wind speeds, and from gravitational potential energy, reducing air heights. As
such, a new equilibrium is reached in the atmosphere. Section 6.9.1 quantifies the impacts of different
numbers of turbines worldwide on temperatures and water vapor.

Thus, wind turbines reduce temperatures in the global average by reducing both heat fluxes and water
vapor fluxes. Wind turbines do increase temperatures on the ground downwind of a wind farm because they
reduce evaporation, but in the global average, this warming is more than offset by atmospheric cooling due
to less condensation plus the loss of more heat radiation to space due to the reduction in water vapor caused
by wind turbines.

The energy taken out of the atmosphere temporarily (because it is returned later as heat from dissipation of
electricity) by wind turbines is 1 kWh per 1 kWh of electricity production. The maximum reduction in
water vapor, based on global computer model calculations (Chapter 7), due to wind turbines ranges from -
0.3 to -1 kg-H>O/kWh, where the variation depends on the number and location of wind turbines. Example
3.6 provides an estimate of the COze savings due to wind turbines from these two factors.

Example 3.6. Estimate the globally averaged CO,e water vapor and heat emission reductions due to wind turbines.
Assuming that wind turbines extract 1 kWh of the wind’s kinetic energy for each 1 kWh of electricity produced,
estimate the COse savings per unit energy from reduced heat and water vapor fluxes due to wind turbines considering
that, when the turbine is not operating, every 1 kWh of kinetic energy in the wind evaporates 0.3 to 1 kg-H,O/kWh and
the rest of the energy remains in the atmosphere. Assume the equilibrium emission rate and resulting radiative forcing
of CO, from Example 3.2.

Solution:

Multiplying the latent heat of evaporation (Le=2.465x10° J/kg) and 1 kWh/3.6x10° J by -0.3 to -1 kg-H,O/kWh gives
the reduction in energy available to evaporate water as -0.21 to -0.69 kWh per kWh of electricity-produced.
Multiplying 1,000 W/kKW and dividing by 8760 h/y and by the area of the Earth, 5.092x10'* m?, gives Ap/Gelec = -
4.6x107 to -1.53x10°'® (W/m?)/(kWh/y). Substituting this and Eco, and Fco, from Example 3.2 into Equation 3.5
gives the anthropogenic water vapor energy flux from wind turbines as -0.46 to -1.53 g-CO,e/kWh.

The heat flux is the difference between -1 kWh/kWh-electricity and -0.21 to -0.69 kWh/kWh-electricity, which is -0.79
to -0.31 kWh/kWh-electricity. Performing the same calculation as above gives the anthropogenic heat flux from wind
turbines as -1.77 to -0.70 g-CO,e/kWh. The total heat plus water vapor energy flux savings due to wind turbines is thus
-2.23 g-CO,e/kWh, the same as for solar panels (Example 3.3).

3.2.2.4. Leaks of CO: Sequestered Underground
The sequestration of carbon underground due to CCS or CCU (e.g., from injecting CO2 during enhanced oil
recovery) runs the risk of COz leaking back to the atmosphere through existing fractured rock or overly



porous soil or through new fractures in rock or soil resulting from an earthquake. Here, a range in the
potential emission rate due to COz leakage from the ground is estimated.

The ability of a geological formation to sequester CO: for decades to centuries varies with location and
tectonic activity. IPCC (2005, p. 216) references COz leakage rates for an enhanced oil recovery operation
of 0.00076 percent per year, or 1 percent over 1,000 years, and CH4 leakage from historical natural gas
storage systems of 0.1 to 10 percent per 1,000 years. Thus, while some well-selected sites could
theoretically sequester 99 percent of COz for 1,000 years, there is no certainty of this since tectonic activity
or natural leakage over 1,000 years is not possible to predict. Because liquefied CO2 injected underground
will be under high pressure, it will take advantage of horizontal and vertical fractures in rocks to escape as
a gas back to the air. Because CO:z is an acid, its low pH will also cause it to weather rocks over time. If a
leak from an underground formation to the atmosphere occurs, it may or may not be detected. If a leak is
detected, it may or may not be sealed, particularly if it occurs over a large area.

The time-averaged leakage rate of COz from a reservoir can be calculated by first estimating how the stored
mass of COz changes over time. The stored mass (S) of COz at any time ¢ in a reservoir, resulting from a
constant injection at rate / (mass/y) and e-folding lifetime against leakage, T (years), is

S(t)= S(0)eVT+TI(1-¢T) (3.8)

where S(0) is the stored mass at time t=0. The average leakage rate over t years is then simply the injection
rate minus the remaining mass stored mass at time t divided by t years,

L(t=I- S/t (3.9)

Once an injection rate and lifetime against leakage are known, the average leakage rate of CO2 from an
underground storage reservoir over a specified period can be calculated from Equations 3.8 and 3.9.

Example 3.7. Estimating average leakage rates from underground storage reservoirs.

Assume a coal-fired power plant has a CO, emission rate before carbon capture and storage ranging from 790 to 1,017
g-CO»/kWh. Assume also that carbon capture equipment added to the plant captures 90 and 80 percent, respectively, of
the CO, (giving a low and high, respectively, emission rate of remaining CO; to the air). If the captured CO; is injected
underground into a geological formation that has no initial CO; in it, calculate a low and high CO, emission rate from
leakage averaged over 100 years, 500 years, and 1,000 years. Assume a low and high e-folding lifetime against leakage
of 5,000 years and 100,000 years, respectively. The low value corresponds to 18 percent leakage over 1,000 years,
close to that of some observed methane leakage rates. The high value corresponds to a 1 percent loss of CO; over 1,000
years (e.g., [PCC, 2005).

Solution:

The low and high injection rates are 790 x 0.9 = 711 g-CO»/kWh and 1,017 x 0.85 = 864.5 g-CO/kWh, respectively.
Substituting these injection rates into Equation 3.8 (using the high lifetime with the low injection rate and the low
lifetime with the high injection rate) and the result into Equation 3.9 gives a leakage rate range of 0.36 to 8.6 g-
CO»/kWh over 100 years; 1.8 to 42 g-CO»/kWh over 500 years, and 3.5 to 81 g-CO»/kWh over 1,000 years.

Thus, the longer the averaging period, the greater the average emission rate over the period due to CO; leakage.

3.2.2.5. Emissions From Covering Land or Clearing Vegetation

Emissions from covering land or clearing vegetation are emissions of COz itself due to (a) reducing the
carbon stored in soil and in the vegetation above the soil by covering land with impervious material or (b)
reducing the carbon stored in vegetation by clearing land so less vegetation grows. When soil is covered
with impervious material, such as concrete or asphalt, vegetation can’t grow or decay, and its remains



become part of the soil. Similarly, when land is cleared of vegetation, less carbon is stored in the vegetation
and below ground. Energy facilities cover land and reduce vegetation.

Estimates of the organic carbon stored in grassland and the soil under grassland are 1.15 kg-C/m? and 13.2
kg-C/m?, respectively (Ni, 2002). Normally, when grass dies, the dead grass contributes to the soil organic
carbon. The grass then regrows, removing carbon from the air by photosynthesis. If the soil is instead
covered with concrete, the grass no longer exists to remove carbon from the air or store carbon in the soil.
However, existing carbon stored underground remains. Some of this is oxidized, though, over time and
carried away by ground water.

The carbon emissions due to developing land for an energy facility can be estimated simplistically by first
summing the land areas covered by the facility; the mine where the fuel is extracted from (in the case of
fossil fuels and uranium); the roads, railways, or pipelines needed to transport the fuel; and the waste
disposal site associated with the facility. This summed area is then multiplied by the organic carbon content
normally stored in vegetation per unit area that is lost plus the organic carbon content normally stored in
soil under the vegetation per unit area that is lost. The latter value can be estimated as approximately one-
third the original organic carbon content of the soil. The loss of carbon is then converted to a loss of carbon
per unit electricity produced by the energy facility over a specified period of time. For purposes of Table
3.5, this period is 100 years. Example 3.8 provides an example calculation of COze emissions from the
covering land with an energy facility.

Example 3.8. Estimating the loss of carbon stored in vegetation and soil due to an energy facility.

Assume a 425 MW coal facility has a 65 percent capacity factor and has a footprint of 5.2 km?, including the land for
the coal facility, mining, railway transport, and waste disposal. Calculate the emission rate of CO; from the soil and
vegetation, averaged over 100 years, due to this facility, assuming that it replaces grass and 34 percent of the soil
carbon is lost.

Solution:
The energy generated over one year from this plant is 425 MW x 8760 h/y x 0.65 x 1,000 kW/MW = 2.42x10° kWh/y.
Over 100 years, the energy produced is 2.42x10'" kWh.

The carbon lost in soil is 0.34 x 13.2 kg-C/m? = 4.5 kg-C/m? and that lost from vegetation is 1.15 kg-C/m?, for a total
of 5.64 kg-C/m?. Multiplying by 1,000 g/kg and the molecular weight of CO, (44.0095 g-CO»/mol), then dividing by
the molecular weight of carbon (12.0107 g-C/mol) give 20,700 g-CO,/m?. Multiplying this by the land area covered by
the facility and dividing by the 100-year energy use gives an emission rate from lost soil and vegetation carbon as
0.44g-CO,/kWh, averaged over 100 years.

Because most of the carbon in soil and vegetation is lost immediately, the 100-year average loss of carbon
from the soil provided in Table 3.5 underestimates the impact on climate damage of an energy facility that
occupies land. Most climate impacts from the loss of carbon will begin when the emissions occur. Thus, for
example, the impacts over 10 years of carbon loss in soil are 10 times those in Table 3.5. However, to
maintain consistency with the other types of carbon-equivalent emissions in the table, that from soil carbon
loss are also averaged over 100 years.
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Table 1.2. E-folding lifetimes, 20-year GWPs, and 100-year GWPs of several global warming agents.

Chemical E-folding lifetime 20-Year GWP 100-Year GWP

3CO, 50-90 years 1 1




PBC+POC in fossil fuel | 3-7 days 2,400-3,800 1,200-1,900
soot

"BC+POC in biofuel soot 3-7 days 2,100-4,000 1,060-2,020
‘CH4 12.4 years 86 34

‘N,O 121 years 268 298

°CFCl; (CFC-11) 45 years 7,020 5,350
‘CF,Cl, (CFC-12) 100 years 10,200 10,800
°CF4 (PFC-14) 50,000 years 4,950 7,350

dC,Fg (PFC-116) 10,000 years 8,210 11,100
“Tropospheric O3 23 days -- --

NO,-N <2 weeks -560 -159
2504-S <2 weeks -1,400 -394

GWP=Global Warming Potential.

*The low-lifetime of CO; is the data-constrained lifetime upon increasing CO, emissions from Jacobson (2012a); the
high-lifetime of CO> is calculated from Figure 9.6, which shows CO, decreasing by 65 ppmv (from 400 to 335
ppmv) over 65 years upon elimination of anthropogenic CO, emissions. Since the natural CO, is 275 ppmv, the
anthropogenic CO, = 400-275=125 ppmv, and the lifetime of anthropogenic CO; is ~65 y / -In((125-65) ppmv/125
ppmv) = ~90 years. The GWP of CO,=1 by definition.

"POC is primary organic carbon co-emitted with black carbon from combustion sources. In the case of diesel exhaust, it
is mostly lubricating oil and unburned fuel oil. In all cases, POC includes both absorbing organic (brown) carbon
(BrC) and less absorbing organic carbon. Soot particles contain both BC and POC. The lifetime is from Jacobson
(2012b) and the GWP is from Jacobson (2010a, Table 4), which accounts for direct effects, optical focusing effects,
semi-direct effects, indirect effects, cloud absorption effects, and snow-albedo effects. The GWPs here are the
surface temperature response after 20 or 100 years per unit continuous mass emissions (STRE) of BC+POC relative
to the same for CO,. STREs are analogous to GWPs (Jacobson, 2010a, Table 4 footnote).

°From Myhre et al. (2013) Table 8.7. Results from Etminan et al. (2016) suggest that the 20-y GWP of CH4 may be up

to 98.

dFrom Myhre et al. (2013) Table 8.A.1.

°From Myhre et al. (2013), Section 8.2.3.1. Tropospheric ozone is not emitted so does not have a GWP.

From Myhre et al. (2013), Table 8.A.3, including aerosol direct and indirect effects. Values are on a per kg nitrogen

basis.

¢From Streets et al. (2001) and Jacobson (2002), including aerosol direct and indirect effects. Values are on a per kg
sulfur basis. These numbers are STREs, which are analogous to GWPs (Footnote b).




References

ABB, HVDC-an ABB specialty, 2004,
https://library.e.abb.com/public/d4863a9b0f77b74ec1257b0c00552758/ HVDC%20Cable%20Transmiss
ion.pdf (accessed December 31, 2018).

ABB, HVDC technology for energy efficiency and grid  reliability, 2005,
https://www02.abb.com/global/abbzh/abbzh250.nsf/0/27¢2fdbd96a879a4c12575ee00487a77/$file/HVD
C+-tefficiency+and+reliability.pdf (accessed December 31, 2018).

ABC (American Bird Conservancy, American Bird Conservancy, https://abcbirds.org 2019 (accessed
January 4, 2019).

AFDC, P., Public retail gas stations by year, 2014, https://afdc.energy.gov/data/10333, (accessed December
3,2018).

Aghahossegni A, D. Bogdanov, and C. Breyer, A techno-economic study of an entirely renewable energy-
based powers supply for North America for 2030 conditions, Energies, 10, 1171,
doi:10.3390/en10081171, 2016.

Aghahosseini A., D. Bogdanov, L.S.N.S. Barbosa, and C. Breyer, Analyzing the feasibility of powering the
Americas with renewable energy and inter-regional grid interconnections by 2030, Renewable and
Sustainable Energy Reviews, 105, 187-205, 2019.

Allain, R., How much energy can you store in a stack of cement blocks, Wired, 2018,
https://www.wired.com/story/battery-built-from-concrete/ (accessed April 10, 2019).

Allanore, A., L. Yin, and D. Sadoway, A new anode material for oxygen evolution in molten oxide
electrolysis, Nature, 497, 353-356, 2013.

Allred, B.W., W.K. Smith, D. Twidwell, J.H. Haggerty, S.W. Running, D.E. Naugle, and S.D. Fuhlendorf,
Ecosystem services lost to oil and gas in North America, Science, 348, 401-402, 2015.

Alcade, J., S. Flude, M. Wilkinson, G. Johnson, K. Edlmann, C.E. Bond, V. Scott, SM.V. Gilfillan, X.
Ogaya, and R.S. Haszeldine, Estimating geological CO2 storage security to deliver on climate
mitigation, Nature Communications, 9, 2201, 2018.

Allen, M. R. et al., Warming caused by cumulative carbon emissions towards the trillionth tonne. Nature
458, 1163-1166, 2009.

Alvarez, R.A., D. Zavalao-Araiza, D.R. Lyon et al., Assessment of methane emissions from the U.S. oil
and gas supply chain, Science, 361, 186-188, 2018.

Alvarez R.A., S.W. Pacala, J.J. Winebrake, W.L.. Chameides, and S.P. Hamburg, Greater focus needed on
methane leakage from natural gas infrastructure. Proc. Nat. Acad. Sci. doi: 10.1073/pnas.1202407109,
2012.

Archer, C.L., and M. Z. Jacobson, Spatial and temporal distributions of U.S. winds and wind power at 80 m
derived from measurements, J. Geophys. Res., 108 (D9) 4289, 2003.

Archer, C.L. and M.Z. Jacobson, Evaluation of global wind power, J. Geophys. Res., 110, D12110,
doi:10.1029/2004JD005462, 2005.

Archer, C.L., and M.Z. Jacobson, Supplying baseload power and reducing transmission requirements by
interconnecting wind farms, J.  Applied Meteorol. and Climatology, 46, 1701-1717,
doi:10.1175/2007JAMC1538.1, 2007.

Arcon/Sunmark, Large-scale showcase projects, 2017, http://arcon-
sunmark.com/uploads/ARCON_References.pdf (accessed November 25, 2018).

Barber, H., Chapter 7, Electric heating fundamentals, In The Efficient use of Energy, 2™ edition, pp. 94-
114, I.G.C. Dryden, ed., Butterworth-Heinemann, doi:10.1016/B978-0-408-01250-8.50016-7, 1982.

Barasa, M., D. Bogdanov, A.S. Oyewo, and C. Breyer, A cost optimal resolution for sub-Saharan Africa
powered by 100% renewables in 2030, Renewable and Sustainable Energy Reviews, 92, 440-457,

2018.

Barbosa, L.S.N.S., D. Bogdanov, P. Vainikka, and C. Breyer, Hydro, wind, and solar power as a base for a
100%  renewable energy supply for South and Central America, PloS Onre,
doi:10.1371/journal.pone.0173820, 2017.

BBC News, Japan confirms first Fukushima worker death from radiation (2018)
https://www.bbc.com/news/world-asia-45423575 (accessed June 9, 2019).

Becker, S., B.A. Frew, G.B. Andresen, T. Zeyer, S. Schramm, M. Greiner, and M.Z. Jacobson, Features of

a fully renewable U.S. electricity-system: Optimized mixes of wind and solar PV and transmission grid




extensions, Energy, 72, 443-458, 2014.

Becker, S., B.A. Frew, G.B. Andresen, M.Z. Jacobson, S. Schramm, and M. Greiner, Renewable build-up
pathways for the U.S.: Generation costs are not system costs, Energy, 81, 437-445, 2015.

Bellevrat, E., and K  West, Clean and efficient heat for industry, 2018,
https://www.iea.org/newsroom/news/2018/january/commentary-clean-and-efficient-heat-for-
industry.html (accessed November 17, 2018).

Berthelemy, M., and L.E. Rengel, Nuclear reactors’ construction costs: The role of lead-time,
standardization, and technological progress, Energy Policy, 82, 118-130, 2015.

Bistak, S., and S.Y. Kim, AC induction motors vs. permanent magnet synchronous motors, 2017,
http://empoweringpumps.com/ac-induction-motors-versus-permanent-magnet-synchronous-motors-
fuji/ (accessed January 5, 2018).

Bizee, Custom degree day data, 2019, http://www.degreedays.net, (accessed January 21, 2019).

Blakers, A., B. Lu, and M. Socks, 100% renewable electricity in Australia, Energy, 133,471-482,2017.

Blakers, A., B. Lu, M. Stocks, K. Anderson, and A. Nadolny, Pumped hydro storage to support 100%
renewable power, Energy News, 36, 11-14, 2018.

Blakers, A., M. Stocks, B. Lu, C. Cheng, and A. Nadolny, Global pumped hydro atlas, 2019,
http://re100.eng.anu.edu.au/global/ (accessed March 31, 2019).

Bloomberg NEF, A  behind-the-scenes take on  lithium-ion  battery  prices, 2019
https://about.bnef.com/blog/behind-scenes-take-lithium-ion-battery-prices/ (accessed June 28, 2019).

Boden, T., B. Andres, and G. Marland, Global CO: emissions from fossil-fuel burning, cement

manufacture, and gas flaring: 1751-2011, 2011,
http://cdiac.ornl.gov/ftp/ndp030/global. 1751 2011.ems (accessed January 24, 2019).
Boeing, 747-8 Airplane characteristics for airport planning, 2012,

http://www.boeing.com/assets/pdf/commercial/airports/acaps/747_8.pdf (accessed March 27, 2019).

Bogdanov, D., and C. Breyer, North-east Asian super grid for 100% renewable energy supply: Optimal mix
of energy technologies for electricity, gas, and heat supply options, Energy Conversion and
Management, 112, 176-190, 2016.

Bogdanov, D., J. Farfan, K. Sadovskaia, A. Aghahosseini, M. Child, A. Gulagi, A.S. Oyewo, L.S.N.S.
Barbosa, and C. Breyer, Radical transformation pathway towards sustainable electricity via
evolutionary steps, Nature Communications, 10, 1077, doi: 10.1038/s41467-019-08855-1, 2019.

Boiocchi, R., K.V. Gemaey, and G. Sin, Control of wastewater N20 emission by balancing the microbial
communities using a fuzzy-logic approach, /FAC-PapersOnLine, 49, 1157-1162, 206.

Bond, T.C., D.G. Streets, K.F. Yarber, S.M. Nelson, J.-H. Woo, and Z. Klimont, A technology-based
global emission inventory of black and organic carbon emissions from combustion, J. Geophys. Res.,
109, D14203, doi:10.1029/2003JD003697, 2004.

Bond, T.C., and Bond, T.C., S.J. Doherty, D.W. Fahey, P.M. Forster, T. Berntsen, O. Boucher, B.J.
DeAngelo, M.G. Flanner, S. Ghan, B. Karcher, D. Koch, S. Kinne, Y. Kondo, P.K. Quinn, M.C.
Sarofim, M.G. Schultz, M. Schulz, C. Venkataraman, H. Zhang, S. Zhang, N. Bellouin, S.K.
Guttikunda, P.K. Hopke, M.Z. Jacobson, J.W. Kaiser, Z. Klimont, U. Lohmann, J.P. Schwarz, D.
Shindell, T. Storelvmo, S.G. Warren and C.S. Zender, Bounding the role of black carbon in the climate
system: A scientific assessment, J. Geophys. Res., 118, 5380-5552, doi: 10.1002/jgrd.50171,
2013Jacobson, M. Z., Isolating nitrated and aromatic aerosols and nitrated aromatic gases as sources of
ultraviolet light absorption, J. Geophys. Res., 104,3527-3542, 1999.

Boukhalf, S., and N. Kaul, 10 disruptive battery technologies trying to compete with lithium-ion, 2019,
https://www.solarpowerworldonline.com/2019/01/10-disruptive-battery-technologies-trying-to-
compete-with-lithium-ion/ (accessed February 2, 2019).

Boyer, G., Appalachian power rolls out 100% renewable option for customers, WFXR News, 2019,
https://www.wixrtv.com/news/appalachian-power-rolls-out-100-renewable-option-for-va-customers/
(accessed August 21, 2019).

Bremner, S.P., M.Y. Levy, and C.B. Honsberg, Analysis of tandem solar cell efficiencies under {AM1.5G}
spectrum using a rapid flux calculation method, Progress in Photovoltaics: Research and Applications,
16, 225-233, 2008.

Breyer, C., Economics of hybrid photovoltaic power plants, Pro Business ISBN: 978-3863863906, 2012.




Breyer, C., D. Bogdanov, A. Gulagi, A. Aghahossein, L.S.N.S. Barbosa, O. Koskinen, M. Barasa, U.
Caldera, S. Afanasyeva, M. Child, J. Farfan and P. Vainikka, On the role of solar photovoltaics in
global energy transition scenarios, Prog. Photovolt. Res. Appl. 25, 727-745, 2017.
British Petroleum, BP statistical review of world energy, 2018,
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-
economics/statistical-review/bp-stats-review-2018-co2-emissions.pdf (accessed December 15, 2018).
Brown, T.W., T. Bischof-Niemz, K. Blok, C. Breyer, H. Lund, and B.V. Mathiesen, Response to ‘Burden
of proof: A comprehensive review of the feasibility of 100% renewable electricity systems,’
Renewable and Sustainable Energy Reviews, 92, 834-847,2018.
Bruckner T., [.A. Bashmakov, Y. Mulugetta, H. Chum, A. de la Vega Navarro, J. Edmonds, A. Faaij, B.
Fungtammasan, A. Garg, E. Hertwich, D. Honnery, D. Infield, M. Kainuma, S. Khennas, S. Kim, H.B.
Nimir, K. Riahi, N. Strachan, R. Wiser, and X. Zhang, Energy Systems. In: Climate Change 2014
Mitigation of Climate Change. Contribution of Working Group III to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change [Edenhofer, O., R. Pichs-Madruga, Y. Sokona, E.
Farahani, S. Kadner, K. Seyboth, A. Adler, . Baum, S. Brunner, P. Eickemeier, B. Kriemann, J.
Savolainen, S. Schlomer, C. von Stechow, T. Zwickel and J.C. Minx (eds.)]. Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA, 2014.
BTS (Burecau of Transportation Statistics), U.S. oil and gas pipeline mileage, 2018,
https://www.bts.gov/content/us-oil-and-gas-pipeline-mileage (accessed December 3, 2018).

Budischak, C., D. Sewell, H. Thompson, L. Mach, D.E. Veron, and W. Kempton, Cost-minimized
combinations of wind power, solar power, and electrochemical storage, powering the grid up to 99.9%
of the time, J Power Sources, 225, 60-74, 2013.

Build Abroad, Ferrock: A stronger, more flexible and greener alternative to concrete, 2016,
https://buildabroad.org/2016/09/27/ferrock/ (accessed November 20, 2018).

Burke. M., S.M. Hsiang. and E. Miguel. Global non-linear effect of temperature on economic production,
Nature, 527.,235-239, 2015.

Burnett, R., Global estimates of mortality associated with long-term exposure to outdoor fine particulate
matter, Proc. Natl. Acad. Sci., 115,9592-9597, 2018.

Business Dictionary, Installed capacity: definition, 2019
http://www.businessdictionary.com/definition/installed-capacity.html (accessed March 15, 2019).

CARB (California Air Resources Board), Estimate of premature deaths associated with fine particle
pollution (PMz5s) in California using a U.S. Environmental Protection Agency Methodology, 2010,
https://www.arb.ca.gov/research/health/pm-mort/pm-report 2010.pdf (accessed January 15, 2019).

Caldera, U., and C. Breyer, Role that battery and water storage play in Saudi Arabia’s transition to an
integrated 100% renewable energy power system, J. Energy Storage, 17, 299-310, 2018.

California Senate, SB 100 FAQs, 2018, https://focus.senate.ca.gov/sb100/fags (accessed February 6, 2019).

Carbon Cure, Carbon Cure, 2018, https://www.carboncure.com (accessed November 20, 2018).

CDC (Center for Disease Control and Prevention), Research on long-term exposure: Uranium miners,
2000, https://www.cdc.gov/niosh/pgms/worknotify/uranium.html (accessed December 9, 2018).

Cebulla, F., and M.Z. Jacobson, Alternative renewable energy scenarios for New York, Journal of Cleaner
Production, 205, 884-894, 2018.

Chakratek, Flywheel specifications and comparison, 2019, https://www.chakratec.com/technology/
(accessed March 18, 2019).

Chang, T.P., The Sun’s apparent position and the optimal tilt angle of a solar collector in the northern
hemisphere, Solar Energy 83, 1274-1284, 2009.

Child, M., and C. Breyer, Vision and initial feasibility analysis of a decarbonized Finnish energy system for
2050. Renewable and Sustainable Energy Reviews, 66, 517-536, 2016.

Child, M., A. Nordling, and C. Breyer, The impacts of high V2G participation in a 100% renewable Aland
energy system, Energies, 11, 2206, https://doi.org/10.3390/en11092206, 2018.

CEC (California Energy Commission), A review of transmission losses in planning studies, 2011,
https://www.energy.ca.gov/201 I publications/CEC-200-2011-009/CEC-200-2011-009.pdf  (accessed
December 31, 2018).

Climate Group, EV100 members, 2019, https://www.theclimategroup.org/evl00-members (accessed
September 22, 2019).




Clinton, H., Hillary is ready for 100, October 16, 2015, http://www.c-span.org/video/?c4557641/hillary-
readyfor100 (Accessed February 7, 2019).

Cockburn, H., Scotland generating enough wind energy to power two Scotlands, 2019,
https://www.independent.co.uk/environment/scotland-wind-power-on-shore-renewable-energy-
climate-change-uk-a9013066.html (accessed July 26, 2019).

Colella, W.G., M.Z. Jacobson, and D.M. Golden, Switching to a U.S. hydrogen fuel cell vehicle fleet: The
resultant change in emissions, energy use, and global warming gases, J. Power Sources, 150, 150-181,
2005.

Connolly, D., H. Lund, B.V. Mathiesen, and M. Leahy, The first step to a 100% renewable energy-system
for Ireland, Applied Energy, 88, 502-507, 2011.

Connolly, D., and B.V. Mathiesen, Technical and economic analysis of one potential pathway to a 100%
renewable energy system, Intl. J. Sustainable Energy Planning & Management, 1, 7-28,2014.

Connolly, D., H. Lund, and B.V. Mathiesen, Smart energy Europe: The technical and economic impact of
one potential 100% renewable energy scenario for the European Union, Renewable and Sustainable
Energy Reviews, 60, 1634-1653, 2016.

Consumer Reports, Electric lawn mowers that rival gas models, 2017,
https://www.consumerreports.org/push-mowers/electric-lawn-mowers-that-rival-gas-models/ (accessed
November 21, 2018).

Corcoran, B.A., N. Jenkins, and M.Z. Jacobson, Effects of aggregating electric load in the United States.
Energy Policy, 46,399-416, 2012.

Cornell University, How lake source cooling works, 2019,
https://energyandsustainability.fs.cornell.edu/util/cooling/production/lsc/works.cfm (accessed May 1,
2019).

Crossley, I, Simplifying and lightening offshore turbines with compressed air energy storage, Wind Power,
2018, https://www.windpoweroffshore.com/article/1463030/simplifying-lightening-offshore-turbines-
compressed-air-energy-storage (accessed March 18, 2019).

Czisch, G., PhD Dissertation, University of Kassel, 2005, https://kobra.uni-
kassel.de/handle/123456789/200604119596 (accessed February 24, 2019).

Czisch, G., and G. Giebel, Realisable scenarios for a future electricity supplies based 100% on renewable
energies, Riso-R-1608 (EN), 2007.

Damkjaer, L., Gram Fjernvarme 2016, 2016, https://www.youtube.com/watch?v=PdF8e1t7St8 (accessed
November 25, 2018).

Dandelion, Geothermal heating and air conditioning is so efficient, it pays for itself,
https://dandelionenergy.com, 2018 (accessed November 17, 2018).

De Coninck, H., A. Revi, M. Babiker, P. Bertoldi, M. Buckeridge, A. Cartwright, W. Dong, J. Ford, S.
Fuss, J.-C. Hourcade, D. Ley, R. Mechler, P. Newman, A. Revokatova, S. Schultz, L. Steg, and T.
Sugiyama, Chapter 4: Strengthening and implementing the global response, in Intergovernmental
Panel on Climate Change, Global Warming of 1.5 °C report, 2018.

De Gouw, J.A., D.D. Parrish, G.J. Frost, and M. Trainer, Reduced emissions of CO2, NOx, and SO> from
U.S. power plants owing to switch from coal to natural gas with combined cycle technology, Earth’s
Future, 2, 75-82,2014.

De Gracia, A., and L.F. Cabeza, Phase change materials and thermal energy storage for buildings, Energy
and Buildings, 103, 414-419, 2015.

Delucchi, M, A conceptual framework for estimating the climate impacts of land-use change due to energy
crop programs, Biomass and Bioenergy, 35, 2337-2360, 2011.

Delucchi, M.Z., and M.Z. Jacobson, Providing all global energy with wind, water, and solar power, Part II:
Reliability, System and Transmission Costs, and Policies, Energy Policy, 39, 1170-1190,
doi:10.1016/j.enpol.2010.11.045, 2011.

Denholm, P., Y.-H. Wan, M. Hummon, and M. Mehos, The value of CSP with thermal energy storage in
the western United States, Energy Procedia, 49, 1622-1631, 2014.

Denyer, S., Eight years after Fukushima’s meltdown, the land is recovering, but public trust is not,
Washington  Post, 2019, https://www.washingtonpost.com/world/asia pacific/eight-years-after-
fukushimas-meltdown-the-land-is-recovering-but-public-trust-has-not/2019/02/19/0bb29756-255d-
11€9-b5b4-1d18dfb7b084 story.html?utm term=.8344c816d5bb (accessed December 21,2019).




De Stercke, S., Dynamics of Energy Systems: a Useful Perspective. IIASA Interim Report No. IR-14-013,
International Institute for Applied Systems Analysis, IIASA, Laxenburg, Austria, 2014.

Diesendorf, M., and B. Elliston, The feasibility of 100% renewable electricity systems: A response to
critics, Renewable and Sustainable Energy Reviews, 93, 318-330, 2018.

DOE (U.S. Department of Energy), 2014: The year of concentrating solar power, 2014,
https://www.energy.gov/sites/prod/files/2014/05/f15/2014 csp_report.pdf (accessed March 30, 2019).

DOE (U.S. Department of Energy), Fuel Cells, 2015,
https://www.energy.gov/sites/prod/files/2015/11/f27/fcto_fuel cells_fact_sheet.pdf (accessed January
11,2019).

DOE (U.S. Department of Energy), Quadrennial Technology Review, Chapter 6: Innovative clean energy
technologies in advanced manufacturing: Technology assessment, 2015,
https://www.energy.gov/sites/prod/files/2016/06/f32/QTR2015-61-Process-Heating.pdf (accessed Nov.
17,2018).

DOE (U.S. Department of  Energy), How do wind turbines work? 2019,
https://www.energy.gov/eere/wind/wind-energy-technologies-office (accessed March 27, 2019).

DPC (U.S. Democratic Platform Committee), 2016 Democratic Party Platform, July 9, 2016,
https://democrats.org/wp-content/uploads/2018/10/2016_DNC_Platform.pdf (Accessed February 7,
2019)

Douglas, C.A., G.P. Harrison, and J.P. Chick, Life cycle assessment of the Seagen marine current turbine,
Proc. Inst. Mech. Eng. Part M: J of Engineering for the Maritime Environment, 222, 1-12, 2008.

Drake Landing, Drake Landing Solar Community, 2016, https://www.dlsc.ca/how.htm (accessed March 26,
2019).

Drupp, M., Freeman, M., Groom, B., and Nesje, F., Discounting disentangled: an expert survey on the
determinants of the long-term social discount rate The Centre for Climate Change Economics and
Policy Working Paper No. 195 and Grantham Research Institute on Climate Change and the
Environment Working Paper No. 172 (CCCEP and Grantham Research Institute), 2015.

Duan, Y., and D.C. Sorescu, COz capture properties of alkaline earth metal oxides and hydroxides: A
combined density functional theory and lattice phonom dynamics study, J. Chem. Phys., 133, 074508,
2010.

Duke Energy, More renewable energy options available under Duke Energy’s Green Source Advantage,
2019, https://news.duke-energy.com/releases/more-renewable-energy-options-available-under-duke-
energys-green-source-advantage? 2a=2.88266651.1875174277.1566405614-658711925.1566405614
(accessed August 21, 2019).

Dvorak, M., C.L. Archer, and M.Z. Jacobson, California offshore wind energy potential, Renewable
Energy, 35, 1244-1254, doi:10.1016/j.renene.2009.11.022, 2010.

Dvorak, M.J., E.D. Stoutenburg, C.L. Archer, W. Kempton, and M.Z. Jacobson, Where is the ideal location
for a U.S. East Coast offshore grid, Geophys. Res. Lett., 39, L06804, doi:10.1029/2011GL050659,
2012.

Dvorak, M.J., B.A. Corcoran, J.E. Ten Hoeve, N.G. Mclntyre, and M.Z. Jacobson, U.S. East Coast offshore
wind energy resources and their relationship to peak-time electricity demand, Wind Energy, 16, 977-
997, doi:10.1002/we.1524, 2013.

Earthworks, Responsible minerals sourcing for renewable energy, 2019,
https://earthworks.org/publications/responsible-minerals-sourcing-for-renewable-energy/ (accessed
May 1, 2019).

Eddington S.A., On the radiative equilibrium of the stars, Mon. Not. Roy. Astronom. Soc., 77, 16-35, 1916.

EIA (Energy Information Administration, U.S.) (2016). International Energy Outlook 2016 DOE/EIA-
0484, 2016, http://www.eia.gov/forecasts/ieo/pdf/0484(2016).pdf, https:// www.cia.gov/forecasts/ico/,
http://www.eia.gov/forecasts/ieo/ieo_tables.cfm (accessed January 10, 2019).

EIA (U.S. Energy Information Administration), Hydraulically fractured wells provide two-thirds of U.S.
natural gas production, 2016, https://www.eia.gov/todayinenergy/detail.php?id=26112 (accessed
December 2, 2018).

EIA (US. Energy Information Administration), Today in energy, 2017,
https://www.eia.gov/todayinenergy/detail.php?id=33552 (accessed December 4, 2018).




EIA (U.S. Energy Information Administration), Table 1. Coal production and number of mines by state and
mine type, 2017 and 2016, 2018a, https://www.eia.gov/coal/annual/pdf/tablel.pdf (accessed December
3,2018).

EIA (U.S. Energy Information Administration), Frequently asked questions, 2018b,
https://www.eia.gov/tools/fags/faq.php?id=29&t=6 (accessed December 3, 2018).

EIA (U.S. Energy Information Administration), Table 4.1. Count of electric power industry power plants
by sector, by predominant energy sources within plant, 2007 through 2017, 2018c,
https://www.eia.gov/electricity/annual/html/epa_04 01.html (accessed December 3, 2018).

EIA (U.S. Energy Information Administration), Table 1.1. Total electric power industry summary statistics,
2017 and 2016, 2018d, https://www.eia.gov/electricity/annual/html/epa_01 Ol.html (accessed
December 5, 2018).

EIA (Energy Information Administration), How much electricity is lost in transmission and distribution in
the United States, 2018e, https://www.eia.gov/tools/fags/faq.php?id=105&t=3 (accessed December 31,
2018).

Electrical Systems, Principle of electricity generation, 2019, http://www.skm-
eleksys.com/2010/02/practical-power-system.html (accessed April 5, 2019).

Electronics Hub, Characteristics and working of P-N  junction diode, 2015,
https://www.electronicshub.org/characteristics-and-working-of-p-n-junction-diode/ (accessed March
31, 2019).

Electronics Tutorials, Capacitor tutorial summary, 2019a, https://www.electronics-
tutorials.ws/capacitor/cap_9.html (accessed April 3, 2019).

Electronics Tutorials, Reactive power, 2019b, https://www.electronics-tutorials.ws/accircuits/reactive-
power.html (accessed April 3,2019).

ELI (Environmental Law Institute), Estimating U.S. government subsidies to energy sources: 2002-2008,
2009, https://www.eli.org/research-report/estimating-us-government-subsidies-energy-sources-2002-
2008 (accessed January 25, 2019).

Elliston, B., M. Diesendorf, and 1. MacGill, Simulations of scenarios with 100% renewable electricity in
the Australian National Electricity Market, Energy Policy, 45, 606-613, 2012.

Elliston, B., I. MacGill, and M. Diesendorf, Least cost 100% renewable electricity scenarios in the Australian
National Electricity Market, Energy Policy, 59, 270-282, 2013.

Elliston, B., I. MacGill, and M. Diesendorf, Comparing least cost scenarios for 100% renewable electricity with
low emission fossil fuel scenarios in the Australian National Electricity Market, Renew Energy, 66, 196-204,
2014.

Enevoldsen, P., and M.Z. Jacobson, Data investigation of installed and output power densities of onshore
and offshore wind turbines worldwide, Wind Energy, 2020.

ENTSO-E (European Network of Transmission System Operators for Electricity), European load data,
2016, https://www.entsoe.cu/db-query/country-packages/production-consumption-exchange-package,
2016 (accessed January 29, 2019).

Erlich, 1., and M. Wilch, Frequency control by wind turbines, IEEE PES General Meeting, July 25-29,
2010, doi: 10.1109/PES.2010.5589911, https://iecexplore.icee.org/document/5589911 (accessed March
2,2019).

Esteban, M., J. Portugal-Pereira, B.C. Mclellan, J. Bricker, H. Farzaneh, N. Djalikova, K.N. Ishihara, H.
Takagi, and V. Roeber, 100% renewable energy system in Japan: Smoothening and ancillary services,
Applied Energy, 224, 698-707, 2018.

Etminan, M., G. Myhre, E.J. Highwood, and K.P. Shine, Radiative forcing of carbon dioxide, methane, and
nitrous oxide: A significant revision of the methane radiative forcing, Geophys. Res. Lett., 43, 12614-
12623, 2016.

European Commission, EDGAR: Emissions database for global atmospheric research, 2019,
https://edgar.jrc.ec.europa.eu/background.php (accessed May 26, 2019).

Evarts, E.C., The world’s largest EV never has to be recharged, Green Car Reports, 2019,
https://www.greencarreports.com/news/1124478 world-s-largest-ev-never-has-to-be-recharged
(accessed August 20, 2019).




EVWind, Current status of concentrated solar power globally, 2018,
https://www.evwind.es/2018/07/25/current-status-of-concentrated-solar-power-csp-globally/6404 1
(accessed January 9, 2019).

Faulstich, S., B. Hahn, and P.J. Tavner, Wind turbine downtime and its importance for offshore
deployment, Wind Energy, 14,327-337,2011.

Feng, Z., Stationary high-pressure hydrogen storage, 2018,
https://www.energy.gov/sites/prod/files/2014/03/f10/csd_workshop 7 feng.pdf (accessed November
28, 2018).

FERC (Federal Energy Regulatory Commission), Current state of and issues concerning underground
natural gas storage, 2004, https://www.ferc.gov/EventCalendar/Files/20041020081349-final-gs-
report.pdf (accessed December 3, 2018).

Fetter, S., How long will the world’s uranium supplies last, Scientific American, 9, 2009.

Fischer, D., and H. Madani, On heat pumps in smart grids: A review. Renewable and Sustainable Energy
Reviews, 70, 342-357, 2017.

Flury, K., and R. Frischknecht, Lifecycle inventories of hydroelectric power generation, 2012, ESU
Services, http://esu-services.ch/fileadmin/download/publicLCI/flury-2012-hydroelectric-power-
generation.pdf (accessed December 8, 2018).

Frangoul, A., Scandinavia’s biggest offshore wind farm is officially open, 2019,
https://www.cnbc.com/2019/08/23/scandinavias-biggest-offshore-wind-farm-is-officially-
open.html? _source=sharebar%7Ctwitter&par=sharebar (accessed August 23, 2019).

Free Dictionary, Installed capacity: definition, 2019
https://encyclopedia2.thefreedictionary.com/Installed+Capacity (accessed March 15, 2019).

Frew, B.A., S. Becker, M.J. Dvorak, G.B. Andresen, and M.Z. Jacobson, Flexibility mechanisms and
pathways to a highly renewable U.S. electricity future, Energy, 101, 65-78, 2016.

Frew, B.A., and M.Z. Jacobson, Temporal and spatial tradeoffs in power system modeling with
assumptions about storage: An application of the POWER model, Energy, 117, 198-213, 2016.

Friedlingstein P., R.M. Andrew, J. Rogelj, G.P. Peters, J.G. Canadell, R. Knutti, G.L. Luderer, M.R.
Raupach, M. Schaeffer, D.P. van Vuuren, and C. Le Quere, Persistent growth of CO> emissions and
implications for reaching climate targets. Nature Geoscience 7: 709715, 2014.

Fthenakis, V., and M. Raugei, Environmental life-cycle assessment of photovoltaic systems, in The
Performance of Photovoltaic (PV) Systems: Modelling, Measurement, and Assessment, N. Pearsall,
Ed., pp. 209-232, 2017.

Fuhrmann, M., Spreading temptation: Proliferation and peaceful nuclear cooperation agreements (March 9,
2009). International Security, Vol. 34, No. 1, Summer 2009. Available at SSRN:
https://ssrn.com/abstract=1356091 (accessed September 9, 2019).

Gaine K, and A. Duffy, A life cycle cost analysis of large-scale thermal energy storage for buildings using
combined heat and power, Zero Emission Buildings Conference Proceedings, eds Haase M, Andresen
I, Hestnes A (Trondheim, Norway), 7-8 June 2010.

Garthwaite, J., What should we do with nuclear waste, Stanford Earth, 2018,
https://earth.stanford.edu/news/qa-what-should-we-do-nuclear-waste#tgs.1sfx0x (accessed March 20,
2019).

GBD (Global Burden of Disease 2013 Risk Factors Collaborators), Global, regional, and national
comparative risk assessment of 79 behavioral, environmental and occupational, and metabolic risks or
clusters of risks in 188 countries, 1990-2013: a systematic analysis for the Global Burden of Disease
Study 2013, Lancet, 386, 2287-2323, 2015.

GE (General Electric), Haliade-X offshore wind turbine platform,
https://www.ge.com/renewableenergy/wind-energy/turbines/haliade-x-offshore-turbine, 2018
(accessed November 16, 2018).

Gerber H., Y. Takano, T.J. Garrett, and P.V. Hobbs, Nephelometer measurements of the asymmetry
parameter, volume extinction coefficient, and backscatter ratio in Arctic clouds, J. Atmos. Sci., 57,
3021-3033, 2000.




Geuss, M., Florida utility to close natural gas plants, build massive solar-powered battery, Ars Technica,

2019, https://arstechnica.com/information-technology/2019/03/florida-utility-to-close-natural-gas-
plants-build-massive-solar-powered-battery/ (accessed April 1, 2019).
GHD, Cassada wind farm decommissioning cost estimate, 2017,

http://www.charlotteny.org/pdfs/2018/wind/11110309-RPT1%20FINAL%20%207-11-2017.pdf
(accessed January 16, 2019).

Ginnebaugh, D.L., J. Liang, and M.Z. Jacobson, Examining the temperature dependence of ethanol (E85)
versus gasoline emissions on air pollution with a largely-explicit chemical mechanism, Atmos.
Environ., 44, 1192-1199, doi:10.1016/j.atmosenv.2009.12.024, 2010.

Ginnebaugh, D.L., and M.Z. Jacobson, Examining the impacts of ethanol (E85) versus gasoline
photochemical production of smog in a fog using near-explicit gas- and aqueous-chemistry
mechanisms, Environmental Research Letters, 7, 045901, doi:10.1088/1748-9326/7/4/045901, 2012.

Green Party US, Green New Deal — Full Language, 2018, https:/www.gp.org/gnd full (accessed
September 16, 2019).

Gross, B, Efficiency of gravitational mass storage system, 2019,
https://twitter.com/Bill_Gross/status/1164617097927806976/photo/1 (accessed August 22, 2019).

Gulagi, A., D. Bogdanov, and C. Breyer, A cost optimized fully sustainable power system for Southeast
Asia and the Pacific Rim, Energies, 10, 583, doi:10.3390/en10050583, 2017a.

Gulagi, A. P. Choudhary, D. Bogdanov, and C. Breyer, Electricity system based on 100% renewable for
India and SAARC, PLoS ONE, doi:10.1371/journal.pone.0180611, 2017b.

Hampson, S. E., J. A. Andres, M. E. Lee, L. S. Foster, R. E. Glasgow, and E. Lichtenstein, Lay
understanding of synergistic risk: the case of radon and cigarette smoking, Risk Analysis, 18, 343-350,
1998.

Hanley, S., Energy Vault proposes and energy storage system using concrete blocks, Cleantechnica, 2018,
https://cleantechnica.com/2018/08/21/energy-vault-proposes-an-energy-storage-system-using-
concrete-blocks/ (accessed April 10, 2019).

Hansen, K., B. Mathiessen, and I.R. Skov, Full energy system transition towards 100% renewable energy in
Germany in 2050, Renewable and Sustainable Energy Reviews, 102, 1-13,2019a.

Hansen, K., C. Breyer, and H. Lund, Status and perspectives on 100% renewable energy systems, Energy,
175,471-480, 2019b.

Harrabin, R., How liquid air could help keep the lights on, BBC News, 2019,
https://www.bbc.com/news/business-50140110 (accessed October 30, 2019).

Hart, EK., and M.Z. Jacobson, A Monte Carlo approach to generator portfolio planning and carbon
emissions assessments of systems with large penetrations of variable renewables, Renewable Energy,
36, 2278-2286, doi:10.1016/j.renene.2011.01.015, 2011.

Hart, E.K., E.D. Stoutenburg, and M.Z. Jacobson, The potential of intermittent renewables to meet electric
power demand: A review of current analytical techniques, Proceedings of the IEEE, 100, 322-334,
doi:10.1109/JPROC.2011.2144951, 2012.

Hart, E.K., and M.Z. Jacobson, The carbon abatement potential of high penetration intermittent renewables,
Energy and Environmental Science, 5, 6592-6601, doi:10.1039/C2EE03490E, 2012.

Harvey, L.D.D., Resource implications of alternative strategies for achieving zero greenhouse gas
emissions from light-duty vehicles by 2060, Applied Energy, 212, 663-679.

Hasager, C.B., L. Rasmussen, A. Pena, L.E. Jensen, and P.-E. Rethore, Wind farm wake: the Horns Rev
photo case, Energies, 6, 696-716,2013.

Henshaw, D. L., J. P. Eatough, and R. B. Richardson, Radon as a causative factor in induction of myeloid
leukaemia and other cancers, Lancet, 335, 1008-1012, 1990.

Hoste, G.R.G., M.J. Dvorak, and M.Z. Jacobson, Matching hourly and peak demand by combining
different renewable energy sources, Stanford University Technical Report, 2009,
https://web.stanford.edu/group/efmh/jacobson/Articles/I/CombiningRenew/HosteFinalDraft (accessed
January 27, 2019).

Hou, P., P. Enevoldsen, J. Eichman, W. Hu, M.Z. Jacobson, and Z. Chen, Optimizing investments in
coupled offshore wind-electrolytic hydrogen storage systems in Denmark, J. Power Sources, 359, 186-
197, doi:10.1016/j.jpowsour.2017.05.048, 2017.




Houghton, R.A., Annual net flux of carbon to the atmosphere from land-use change: 1850-2005, 2015,
http://cdiac.ornl.gov/trends/landuse/houghton/1850-2005.txt (accessed January 24, 2019).

House (U.S. House of Representatives), H.Res.540, 2015, https://www.congress.gov/bill/114th-
congress/house-resolution/540/text (accessed February 7, 2019).

House (U.S. House of Representatives), H.R.3314 — 100 by 50 Act, 2017a,
“https://www.congress.gov/bill/115th-congress/house-bill/3314 (accessed February 7, 2019).

House (U.S. House of Representatives), H.R.3671 — Off Fossil Fuels For A Better Future Act, 2017b
“https://www.congress.gov/bill/115th-congress/house-bill/3671/text (accessed February 7, 2019).

House (U.S. House of Representatives), H.R. 330 — Climate Solutions Act of 2019, 2019a,
https://www.congress.gov/bill/116th-congress/house-bill/330/text (accessed February 7, 2019).

House (U.S. House of Representatives), Resolution recognizing the duty of the federal government to
create a green new deal, 2019b,
https://www.congress.eov/bill/116th-congress/house-resolution/109
https://apps.npr.org/documents/document.html?id=5729035-Green-New-Deal-FAQ (accessed
February 10, 2019).

Howarth, R.W., A bridge to nowhere: methane emissions and the greenhouse gas footprint of natural gas,
Energy Science & Engineering, 2, 47-60, 2014.

Howarth, R-W., Is shale gas a major driver of recent increase in global atmospheric methane,
Biogeosciences 16,3033-3046, 2019.

Howarth, R.W., R. Santoro, and A. Ingraffea, Methane and the greenhouse gas footprint of natural gas from
shale formations, Climatic Change, 106, 679-690, 2011.

Howarth, R.W., R. Santoro, and A. Ingraffea, Venting and leaking of methane from shale gas development:
response to Cathles et al., Climatic Change, 2012.

HSMag, Simulation permanent magnet generators, 2016, https:/www.hsmagnets.com/blog/simulation-
permanent-magnet-generators/ (accessed July 23, 2019)

Hu, S-y, and J.-h Cheng, Performance evaluation of pairing between sites and wind turbines, Renewable
Energy, 32, 1934-1947. 2007.

Hulls, P.J., Development of the industrial use of dielectric heating in the United Kingdom, J. Microwave
Power, 17, 28-38, 2016.

Hunt, J.D., B. Zakeri, G. Falchetta, A. Nascimento, Y. Wada, and K. Riahi, Mountain gravity energy
storage: A new solution for closing the gap between existing short- and long-term storage
technologies, Energy, doi:10.1016/j.energy.2019.116419, 2019.

ICF Consulting, Life cycle greenhouse gas emissions of natural gas, 2012, https://www.capp.ca/-
/media/capp/customer-portal/documents/215278.pdf (accessed January 22, 2019).

IEA (International Energy Agency), Integrated cost-effective large-scale thermal energy storage for smart
district heating and cooling, 2018a, https://www.ica-
dhc.org/fileadmin/documents/Annex XII/IEA DHC AXII Design Aspects for Large Scale ATES
_PTES draft.pdf (accessed November 25, 2018).

IEA (International Energy Agency), Wind energy, 2018b https://www.iea.org/topics/renewables/wind/
(accessed January 9, 2019).

IEA (International Energy Agency), Geothermal energy, 2018c
https://www.iea.org/topics/renewables/geothermal/ (accessed January 9, 2019).

IEA (International Energy Agency), Solar PV, 2018d https://www.iea.org/tcep/power/renewables/solar/
(accessed January 9, 2019).

IEA (International Energy Agency), Statistics, 2019, https://www.iea.org/statistics/ (accessed January 5,
2019).

IEC (International Electrotechnical Commission), Efficient electrical energy transmission and distribution,
2007, https://basecamp.iec.ch/download/efficient-electrical-energy-transmission-and-distribution/
(accessed December 31, 2018).

IGU (International Gas Union), Natural gas conversion guide, 2018,
http://agnatural.pt/documentos/ver/natural-gas-conversion-
guide_cb4f0ccd80ccaf88caSec336a38600867dbSaafl.pdf (accessed December 2, 2018).

IHA  (International ~Hydropower Association), 2018 hydropower status report, 2018,
https://www.hydropower.org/publications/2018-hydropower-status-report (accessed January 9, 2019).




IPCC (Intergovermental Panel on Climate Change), Special Report on Emission Scenarios (SRES) final
data, 2000, http://sres.ciesin.org/final _data.html (accessed January 23, 2019).

IPCC (Intergovernmental Panel on Climate Change), IPCC special report on carbon dioxide capture and
storage. Prepared by working group III, Metz. B., O. Davidson, H. C. de Coninck, M. Loos, and L.A.
Meyer (eds.). Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,
442 pp. http://arch.rivm.nl/env/int/ipcc/, 2005 (accessed June 26, 2019).

IPCC (Intergovernmental Panel on Climate Change), Special report: Global warming of 1.5°, 2018,
https://www.ipcc.ch/sr15/ (accessed June 26, 2019).

IranWatch, Iran’s nuclear potential before the implementation of the nuclear agreement, 2015,
https://www.iranwatch.org/our-publications/articles-reports/irans-nuclear-timetable (accessed
December 9, 2018).

IRENA (International Renewable Energy Agency), Thermal energy storage. IEA-ETSAP and IRENA
Technology Brief E17, IRENA, Abu Dhabi, 2013.

Jacobson M. Z., Developing, coupling, and applying a gas, aerosol, transport, and radiation model to study
urban and regional air pollution. Ph.D. Dissertation, Dept. of Atmospheric Sciences, University of
California, Los Angeles, 436 pp, 1994.

Jacobson, M. Z., R. Lu, R. P. Turco, and O. B. Toon, Development and application of a new air pollution
modeling system. Part I: Gas-phase simulations, Atmos. Environ., 30B, 1939—1963, 1996.

Jacobson, M. Z., Development and application of a new air pollution modeling system. Part III: Aerosol-
phase simulations, Atmos. Environ., 314, 587-608, 1997.

Jacobson, M. Z., Studying the effects of aerosols on vertical photolysis rate coefficient and temperature
profiles over an urban airshed, J. Geophys. Res., 103, 10,593-10,604, 1998.

Jacobson, M. Z., Isolating nitrated and aromatic aerosols and nitrated aromatic gases as sources of
ultraviolet light absorption, J. Geophys. Res., 104,3527-3542, 1999.

Jacobson, M. Z., A physically-based treatment of elemental carbon optics: Implications for global direct
forcing of aerosols, Geophys. Res. Lett., 27, 217-220, 2000.

Jacobson, M. Z., Strong radiative heating due to the mixing state of black carbon in atmospheric aerosols,
Nature, 409, 695-697, 2001a.

Jacobson, M. Z., GATOR-GCMM: A global through urban scale air pollution and weather forecast model.
1. Model design and treatment of subgrid soil, vegetation, roads, rooftops, water, sea ice, and snow, J.
Geophys. Res., 106, 5385-5401, 2001b.

Jacobson, M. Z., and G. M. Masters, Exploiting wind versus coal, Science, 293, 1438-1438, 2001.

Jacobson, M. Z., Control of fossil-fuel particulate black carbon plus organic matter, possibly the most
effective method of slowing global warming, J. Geophys. Res., 107 (D19), 4410, doi:10.1029/
2001JD001376, 2002.

Jacobson, M. Z., The short-term cooling but long-term global warming due to biomass burning, J. Clim., 17
(15), 2909-2926, 2004.

Jacobson, M. Z., J. H. Seinfeld, G. R. Carmichael, and D.G. Streets, The effect on photochemical smog of
converting the U.S. fleet of gasoline vehicles to modern diesel vehicles, Geophys. Res. Lett., 31,
L02116, doi:10.1029/2003GL018448, 2004.

Jacobson, M.Z., Studying ocean acidification with conservative, stable numerical schemes for
nonequilibrium air-ocean exchange and ocean equilibrium chemistry, J. Geophys. Res., 110, D07302,
doi:10.1029/2004JD005220, 2005a.

Jacobson, M.Z., Fundamentals of Atmospheric Modeling, Second Edition, Cambridge University Press,
New York, 813 pp., 2005b.

Jacobson, M.Z., W.G. Colella, and D.M. Golden, Cleaning the air and improving health with hydrogen fuel
cell vehicles, Science, 308, 1901-1905, 2005.

Jacobson, M.Z., Effects of ethanol (E85) versus gasoline vehicles on cancer and mortality in the United
States, Environ. Sci. Technol., 41 (11), 4150-4157, doi:10.1021/es062085v, 2007.

Jacobson, M.Z., Y.J. Kaufmann, Y. Rudich, Examining feedbacks of aerosols to urban climate with a
model that treats 3-D clouds with aerosol inclusions, J. Geophys. Res., 112, D24205,
doi:10.1029/2007JD008922, 2007

Jacobson, M.Z, On the causal link between carbon dioxide and air pollution mortality, Geophysical
Research Letters, 35, 1.03809, doi:10.1029/2007GL031101, 2008a.




Jacobson, M.Z., Effects of wind-powered hydrogen fuel cell vehicles on stratospheric ozone and global
climate, Geophys. Res. Lett., 35, 119803, doi:10.1029/2008GL035102, 2008b.

Jacobson, M.Z., Review of solutions to global warming, air pollution, and energy security, Energy &
Environmental Science, 2, 148-173, doi:10.1039/b809990c, 2009.

Jacobson, M.Z., and M.A. Delucchi, A path to sustainable energy by 2030, Scientific American, November
2009.

Jacobson, M.Z., Short-term effects of controlling fossil-fuel soot, biofuel soot and gases, and methane on
climate, Arctic ice, and air pollution health, J.  Geophys. Res., 115, D14209,
doi:10.1029/2009JD013795, 2010a.

Jacobson, M.Z., The enhancement of local air pollution by urban CO2 domes, Environ. Sci. Technol., 44,
2497-2502, doi:10.1021/es903018m, 2010b.

Jacobson, M.Z., and M.A. Delucchi, Providing all global energy with wind, water, and solar power, Part I:
Technologies, energy resources, quantities and areas of infrastructure, and materials, Energy Policy,
39, 1154-1169, doi:10.1016/j.enpol.2010.11.040, 2011.

Jacobson, M. Z., Air Pollution and Global Warming: History, Science, and Solutions, Second Edition,
Cambridge University Press, Cambridge, 375 pp., 2012a.

Jacobson, M.Z., Investigating cloud absorption effects: Global absorption properties of black carbon, tar
balls, and soil dust in clouds and aerosols, J. Geophys. Res., 117, D06205, doi:10.1029/2011JD017218,
2012b.

Jacobson, M.Z., and C.L. Archer, Saturation wind power potential and its implications for wind energy,
Proc. Nat. Acad. Sci., 109, 15,679-15,684, doi:10.1073/pnas.1208993109, 2012.

Jacobson, M.Z., and J.E. Ten Hoeve, Effects of urban surfaces and white roofs on global and regional
climate, J. Climate, 25, 1028-1044, doi:10.1175/JCLI-D-11-00032.1, 2012.

Jacobson, M.Z., R.W. Howarth, M.A. Delucchi, S.R. Scobies, J.M. Barth, M.J. Dvorak, M. Klevze, H.
Katkhuda, B. Miranda, N.A. Chowdhury, R. Jones, L. Plano, and A.R. Ingraffea, Examining the
feasibility of converting New York State’s all-purpose energy infrastructure to one using wind, water,
and sunlight, Energy Policy, 57, 585-601, 2013.

Jacobson, M.Z., Effects of biomass burning on climate, accounting for heat and moisture fluxes, black and
brown carbon, and cloud absorption effects, J. Geophys. Res., 119, 8980-9002,
doi:10.1002/2014JD021861, 2014.

Jacobson, M.Z., C.L. Archer, and W. Kempton, Taming hurricanes with arrays of offshore wind turbines,
Nature Climate Change, 4, 195-200, doi: 10.1038/NCLIMATE2120, 2014a.

Jacobson, M.Z., M.A. Delucchi, A.R. Ingraffea, R.W. Howarth, G. Bazouin, B. Bridgeland, K. Burkhart,
M. Chang, N. Chowdhury, R. Cook, G. Escher, M. Galka, L. Han, C. Heavey, A. Hernandez, D.F.
Jacobson, D.S. Jacobson, B. Miranda, G. Novotny, M. Pellat, P. Quach, A. Romano, D. Stewart, L.
Vogel, S. Wang, H. Wang, L. Willman, T. Yeskoo, A roadmap for repowering California for all
purposes with wind, water, and sunlight, Energy, 73, 875-889, doi:10.1016/j.energy.2014.06.099,
2014b.

Jacobson, M.Z., 100% WWS plans for countries and states, United Nations Foundation Earth to Paris
Social Good Event, UNFCC, Petit Palais, Paris, France, December 7, 2015,
http://livestream.com/unfoundation/earthtoparisENG/videos/106549410 (accessed February 6, 2019).

Jacobson, M.Z., M.A. Delucchi, G. Bazouin, Z.A.F. Bauer, C.C. Heavey, E. Fisher, S. B. Morris, D.J.Y.
Piekutowski, T.A. Vencill, T.W. Yeskoo, 100 percent clean and renewable wind, water, sunlight
(WWS) all-sector energy roadmaps for the 50 United States, Energy and Environmental Sciences, 8,
2093-2117, doi:10.1039/C5EE01283J, 2015a.

Jacobson, M.Z., M.A. Delucchi, M.A. Cameron, and B.A. Frew, A low-cost solution to the grid reliability
problem with 100 percent penetration of intermittent wind, water, and solar for all purposes, Proc. Nat.
Acad. Sci., 112 (49), 15,060-15,065 doi: 10.1073/pnas.1510028112, 2015b.

Jacobson, M.Z., M.A. Delucchi, G. Bazouin, M.J. Dvorak, R. Arghandeh, Z. A.F. Bauer, A. Cotte,
G.M.T.H. de Moor, E.G. Goldner, C. Heier, R.T. Holmes, S.A. Hughes, L. Jin, M. Kapadia, C. Menon,
S.A. Mullendore, E.M. Paris, G.A. Provost, A.R. Romano, C. Srivastava, T.A. Vencill, N.S. Whitney,
and T.W. Yeskoo, A 100 percent wind, water, sunlight (WWS) all-sector energy plan for Washington
State, Renewable Energy, 86, 75-88 2016.




Jacobson, M.Z., M.A. Delucchi, Z.A.F. Bauer, S.C. Goodman, W.E. Chapman, M.A. Cameron,
Alphabetical: C. Bozonnat, L. Chobadi, H.A. Clonts, P. Enevoldsen, J.R. Erwin, S.N. Fobi, O.K.
Goldstrom, E.M. Hennessy, J. Liu, J. Lo, C.B. Meyer, S.B. Morris, K.R. Moy, P.L. O’Neill, I. Petkov,
S. Redfern, R. Schucker, M.A. Sontag, J. Wang, E. Weiner, A.S. Yachanin, 100 percent clean and
renewable wind, water, and sunlight (WWS) all-sector energy roadmaps for 139 countries of the
world, Joule, 1, 108-121, doi:10.1016/j.joule.2017.07.005, 2017.

Jacobson, M.Z., M.A. Delucchi, M.A. Cameron, and B.V, Mathiesen, Matching demand with supply at low
cost among 139 countries within 20 world regions with 100 percent intermittent wind, water, and
sunlight (WWS) for all purposes, Renewable Energy, 123, 236-248, 2018a.

Jacobson, M.Z., M.A. Cameron, E.M. Hennessy, 1. Petkov, C.B. Meyer, T.K. Gambhir, A.T. Maki, K.
Pfleeger, H. Clonts, A.L. McEvoy, M.L. Miccioli, A.-K. von Krauland, R.W. Fang, and M.A.
Delucchi, 100 percent clean, and renewable wind, water, and sunlight (WWS) all-sector energy
roadmaps for 53 towns and cities in North America, Sustainable Cities and Society, 42, 22-37,
doi:10.1016/j.5¢s.2018.06.031, 2018Db.

Jacobson, M.Z., V. Jadhav, World estimates of PV optimal tilt angles and ratios of sunlight incident upon
tilted and tracked PV panels relative to horizontal panels, Solar Energy, 169, 55-66, 2018.

Jacobson, M.Z., The health and climate impacts of carbon capture and direct air capture, Energy and
Environmental Sciences, 12, 3567-3574, doi:10.1039/C9EE02709B, 2019.

Jacobson, M.Z., M.A. Delucchi, M.A. Cameron, S.J. Coughlin, C. Hay, [.P. Manogaran, Y. Shu, and A.-K.
von Krauland, Impacts of Green-New-Deal energy plans on grid stability, costs, jobs, health, and
climate in 143 countries, One Earth, 1, 449-463, doi:10.1016/j.oneear.2019.12.003, 2019.

Jepsen, K., Ramboll Oil and Gas Operations Team (personal communications), 2018.

Johnson, G., When radiation isn’t the real risk, 2015, https://www.nytimes.com/2015/09/22/science/when-
radiation-isnt-the-real-risk.html (accessed December 8§, 2018).

Jiang, Q., J.D. Doyle, T. Haack, M.J. Dvorak, C.L. Archer, and M.Z. Jacobson, Exploring wind energy
potential off the California coast, Geophys. Res. Lett., 35, L.20819, doi:10.1029/2008 GL034674, 2008.

Kadiyala, A., R. Kommalapati, and Z. Huque, Evaluation of the lifecycle greenhouse gas emissions from
different biomass feedstock electricity generation systems, Sustainability, 8, 1181-1192, 2016.

Kaldelis, J.K., and D. Apostolou, Life cycle energy and carbon footprint of offshore wind energy.
Comparison with onshore counterpart, Renewable Energy, 108, 72-84, 2017.

Kahn, E., The reliability of distributed wind generators, Electric Power Systems, 2, 1-14, 1979.

Kane, M., CATL breaks into 300+ Wh/kg energy density on battery cell level, 2019,
https://insideevs.com/news/343690/catl-breaks-into-300-wh-kg-energy-density-on-battery-cell-level/
(accessed July 17, 2019).

Karam, P.A., How do fast breeder reactors differ from regular nuclear power plants, Scientific American,
October 2006.

Katalenich, S.M., and M.Z. Jacobson, Toward battery electric and hydrogen fuel cell land, air, and sea
military missions, in review, 2019.

Kempton, W., and J. Tomic, Vehicle-to-Grid Power Fundamentals: Calculating Capacity and Net Revenue,
J. Power Sources, 144, 268-279, 2005a.

Kempton, W., and J. Tomic, Vehicle-to-grid power implementation: From stabilizing the grid to supporting
large-scale renewable energy, J. Power Sources, 144, 280-294, 2005b.

Kempton, W., C.L. Archer, A. Dhanju, R.W. Garvine, and M.Z. Jacobson, Large CO2 reductions via
offshore wind power matched to inherent storage in energy end-uses, Geophys. Res. Lett., 34, L02817,
doi:10.1029/2006GL028016, 2007.

Keith, D.W., G. Holmes, D. St. Angelo, and K. Heidel, A process for capturing CO> from the atmosphere,
Joule, 2, 1573-1594, 2018.

Kirby, B.J., Frequency regulation Dbasics and trends, @ ORNL/TM-2004/291, 2004,
http://www.consultkirby.com/files/TM2004-291 Frequency Regulation Basics and Trends.pdf
(accessed January 28, 2019).

Ko, N., M. Lorenz, R. Horn, H. Krieg, and M. Baumann, Sustainability assessment of concentrated solar
power (CSP) tower plants — Integrating LCA, LCC, and LCWE in one framework, Procedia CIRP 69,
395-400, 2018.




Koomey, J., and N. E. Hultman, A reactor-level analysis of busbar costs for U.S. nuclear plants, 1970-
2005, Energy Policy 35, 5630-5642, 2007.

Kougias, 1., K. Bodis, A. Jager-Waldau, M. Moner-Girona, F. Monforti-Ferrario, H. Ossenbrink, and S.
Szabo, The potential of water infrastructure to accommodate solar PV systems in Mediterranean
islands, Solar Energy, 136, 174-182, doi:10.1016/j.solener.2016.07.003, 2016.

Krewski, D., M. Jerrett, R.T. Burnett, R. Ma, E. Hughes, Y. Shi, M.C. Turner, C. Arden Pope III, G.
Thurston, E.E. Calle, and M.J. Thun, Extended follow-up and spatial analysis of the American Cancer
Society study linking particulate air pollution and mortality, Health Effects Institute, Report No. 140,
2009.

Kuphaldt, T., What is alternating current (AC), 2019,
https://www.allaboutcircuits.com/textbook/alternating-current/chpt-1/what-is-alternating-current-ac/
(accessed March 31, 2019)

Lackner, K.S., H.-J. Ziock, and P. Grimes, Carbon dioxide extraction from air: Is it an option? Report LA-
UR-99-583, Los Alamos National Laboratory, 1999.

Lagarde, F., G. Pershagen, G. Akerblom, O. Axelson, U. Baverstam, L. Damber, A. Enflo, M. Svartengren,
and G. A. Swedjemark, Residential radon and lung cancer in Sweden: risk analysis accounting for
random error in the exposure assessment, Health Physics, 72, 269-276, 1997.

Lazard, Lazard’s levelized cost of energy analysis —  version 12.0, 2018,
https://www.lazard.com/media/450784/lazards-levelized-cost-of-energy-version-120-vfinal.pdf
(accessed January 16, 2019).

Lenzen, M., Life cycle energy and greenhouse gas emissions of nuclear energy: A review, Energy
Conversion & Management, 49, 2178-2199, 2008.

Le Quere, C. et al., Global carbon budget 2014, Earth Syst. Sci. Data, 7,47-85, 2015.

Lee, K.K., M.R. Miller, and A.S.V. Shah, Air pollution and stroke, J. Stroke, 20, 2-11, 2018.

Letterman, D., The Late Show With David Letterman, New York City, October 9, 2013,
https://www.youtube.com/watch?v=Aqlu2J3vRJc (accessed February 6, 2019).

Li, X., K.J. Chalvatzis, and D. Pappas, China’s electricity emission intensity in 2020-an analysis at
provincial level, Energy Procedia, 142, 2779-2785, 2017.

Liou, K.N., An Introduction to Atmospheric Radiation, Academic Press, Amsterdam, 2002.

Liu, H., G.B. Andresen, and M. Greiner, Cost-optimal design of a simplified highly renewable Chinese

network, Energy, 147, 534-546, 2018.

Lu, B., A. Blakers, and M. Stocks, 90-100% renewable electricity for the South West Interconnected
System of Western Australia, Energy, 122, 663-674, 2017.

Lund, H., Large-scale integration of optimal combinations of PV, wind, and wave power into the electricity
supply, Renewable Energy, 31, 503-515, 2006.

Lund, H., and B.V. Mathiesen, Energy system analysis of 100% renewable energy systems — The case of
Denmark in years 2030 and 2050, Energy, 34, 524-531, 2009.

Lund, H., and B.V. Mathiesen, The role of carbon capture and storage in a future sustainable energy
system, Energy 44, 469-476, 2012.

Macdonald-Smith, A., South Australia’s big battery slashes $40m from grid control costs in first year,
2018, https://www.afr.com/business/energy/solar-energy/south-australias-big-battery-slashes-40m-from-
grid-control-costs-in-first-year-20181205-h18ql1 (accessed January 25, 2019).

Manwell, J.F., J.G. McGowan, and A.L. Rogers, Wind energy explained — Theory, design, and application,
John Wiley & Sons Ltd, p. 98, 2002.

Marine  Energy, Global installed ocean energy power doubles in 2017, 2018
https://marineenergy.biz/2018/03/12/global-installed-ocean-energy-power-doubles-in-2017/ (accessed
January 9, 2019).

Mason, 1.G., S.C. Page, A.G. Williamson, A 100% renewable energy generation system for New Zealand
utilizing hydro, wind, geothermal, and biomass resources, Energy Policy 38, 3973-3984, 2010.

Masters, G., Renewable and Efficient Electric Power Systems, 2" Edition, Wiley, Hoboken, New Jersey,

712 pp., 2013.

Mathiesen, B.V., H. Lund, and K. Karlsson, 100% renewable energy systems, climate mitigation, and

economic growth, Applied Energy, 88, 488-501, 2011.




Mathiesen, B.V., H. Lund, D. Connolly, H. Wenzel, P.Z. Ostergaard, B. Moller, S. Nielsen, I. Ridjan, P.
Karnoe, K. Sperling, F.K. Hvelplund, Smart energy systems for coherent 100% renewable energy and
transport solutions, Applied Energy, 145, 139-154, 2015.

Matthews, H.D., N.P. Gillett, P.A. Stott, and K. Zickfeld, The proportionality of global warming to
cumulative carbon emissions, Nature, 459, 829-832, 2009.

Matthews, H.D., Montreal’s emissions targets for 1.5 °C and 2 °C global warming, 2016,
http://ocpm.qge.ca/sites/ocpm.qe.ca/files/pdf/P80/7.2.19 damon_matthews.pdf (accessed January 13,
2018).

McFadyen, S., Three phase power simplified, 2012, https://myelectrical.com/notes/entryid/172/three-phase-
power-simplified (accessed April 3,2019).

Meador W. E. and W.R. Weaver, Two-stream approximations to radiative transfer in planetary
atmospheres: A unified description of existing methods and a new improvement, J. Atmos. Sci. 37,
630-43, 1980.

Meinshausen, M. et al. Greenhouse-gas emission targets for limiting global warming to 2°C, Nature 458,
1158-1162, 2009.

Meyer, S., V. Franco, A. Lekov, L. Thompson, and A. Sturges, Do heat pump clothes dryers makes sense
for the U.S. market, ACEEE Summer Study on Energy Efficiency in Buildings, 9-240- to 9-251, 2010,
https://aceee.org/files/proceedings/2010/data/papers/2224.pdf (accessed October 29, 2019).

Miceli, F., Offshore wind turbines foundation types, 2012, http://www.windfarmbop.com/offshore-wind-
turbines-foundation-types/ (accessed April 4, 2019).

MIT (Massachusetts Institute of Technology), The Future of Natural Gas, 287 pp., 2011,
https://energy.mit.edu/wp-content/uploads/2011/06/MITEI-The-Future-of-Natural-Gas.pdf  (accessed
December 2, 2018).

Monitoring Analytics, Quarterly state of the market report for PIM: January through June, 2015,
http://www.monitoringanalytics.com/reports/PJM State of the Market/2015/2015g2-som-pjm-
secS5.pdf (accessed January 19, 2019).

Moore, M.A., A.E. Boardman, A.R. Vining, D.L. Weimer, and D.H. Greenberg, Just give me a number!

Practical values for the social discount rate, J. Policy Anal. Management, 23, 789-812, 2004.

Moore, F.C. D.B. Diaz, Temperature impacts on economic growth warrant stringent mitigation policy,
Nature Climate Change, 5, 127-131, 2015.

Morris, C, French  nuclear  power  history -  the  unknown story, 2015,
https://energytransition.org/2015/03/french-nuclear-power-history/ (accessed June 16, 2019).

Myhre, G., D. Shindell, F.-M. Breon, W. Collins, J. Fuglestvedt, J. Huang, D. Koch, J.F. Lamarque, D.
Lee, B. Mendoza, T. Nakajima, A. Robock, G. Stephens, T. Takemura, and H. Zhang, Anthropogenic
and Natural Radiative Forcing. In Climate Change 2013: The Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex,
and P.M. Midgley (eds.). Cambridge University Press, Cambridge, United Kingdom and New York,
Ny, USA, 2013.

NACAG (Nitrac Acid Climate Action Group), Nitrous oxide emissions from nitric acid production, 2014,
http://www.nitricacidaction.org/about/nitrous-oxide-emissions-from-nitric-acid-production/ (accessed
December 1, 2018).

Nautical Almanac Office (NAO) and Her Majesty's Nautical Almanac Office, Astronomical Almanac. U. S.
Government Printing Office, Washington, DC, 1993.

NASA (National Aeronautics and Space Administration), GISS surface temperature analysis (GISTEMP),
2018 https://data.giss.nasa.gov/gistemp/maps/ (accessed November 30, 2018).

NCEE (National Center for Environmental Economics), Guidelines for Preparing Economic Analyses
(U.S. Environmental Protection Agency), 2014.

Neftel, A., H. Friedli, E. Moor, H. Lotscher, H. Oeschger, U. Siegenthaler, and B. Stauffer, Historical
COz record from the Siple Station ice core. In Trends: A Compendium of Data on Global Change,
1994. Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, U.S. Department
of Energy, Oak Ridge, Tenn., U.S.A.

Neocarbon Energy, Future energy system, http://neocarbonenergy.fi/internetofenergy/, 2016 (accessed
December 6, 2016).




New York Times, Text of President Bush’s remarks on global climate, 2001,
https://www.nytimes.com/2001/06/1 1/world/text-of-president-bushs-remarks-on-global-climate.html
(accessed February 2, 2019).

Ni, J., Carbon storage in grasslands of China, J. Arid Environments, 50, 205-218, 2002.

Nithyanandam K, and R. Pitchumani, Cost and performance analysis of concentrating solar power systems
with integrated latent thermal energy storage, Energy 64: 793-810, 2014.

Nonbol, E., Load-following capabilities of nuclear power plants, Technical University of Denmark, 2013,
http://orbit.dtu.dk/files/64426246/Load_following_capabilities.pdf (accessed November 22, 2018).
NRC (U.S. National Research Council), Real prospects for energy efficiency in the United States, National
Academies Press, p. 251, https://www.nap.edu/read/12621/chapter/6#251, 2010 (accessed February 2,

2019).

NREL (National Renewable Energy Laboratory), Jobs and Economic Development Impact Models (JEDI),
2017, https://www.nrel.gov/analysis/jedi (accessed January 17, 2019).

NREL (National Renewable Energy Laboratory), PV Watts Calculator, 2018, http://pvwatts.nrel.gov
(accessed December 25, 2018).

NWCC (National Wind Coordinating Collaborative), Wind turbine interactions with birds, bats, and their
habitats, 2010, https://wwwl.eere.energy.gov/wind/pdfs/birds and bats fact sheet.pdf (accessed
January 4, 2018).

Oil and gas, Threat map, 2018, https://oilandgasthreatmap.com/threat-map/ (accessed December 3, 2018).

O’Malley, M., A jobs agenda for our renewable energy future, 2015,
http://www.p2016.org/omalley/omalley070215climate.html (accessed February 7, 2019).

OMB (U.S. Office of Management and Budget), Circular A-4, Regulatory Analysis, the White House,
Washington, D. C., September 17, 2003,
https://www.whitehouse.gov/sites/whitehouse.gov/files/omb/circulars/A4/a-4.pdf (accessed January
16, 2019).

Orsted, New survey shows strong global support for green energy, November 13, 2017,
https://orsted.com/en/Barometer (accessed February 7, 2019).

Ostro, B.D., H. Tran, and J.I. Levy, The health benefits of reduced tropospheric ozone in California, J. Air
& Waste Manage. Assoc., 56, 1007-1021, 2006.

Pavel, C.C., R. Lacal-Arantegui, A. Marmier, D. Schuler, E. Tzimas, M. Buchert, W. Jenseit, and D.
Blagoeva, Substitution strategies for reducing the use of rare earths in wind turbines, Resources Policy,
52,349-357,2017.

Pires, O., X. Munduate, O. Ceyhan, M Jacobs, and H. Snel, Analysis of high Reynolds numbers effects on
a wind turbine airfoil using 2D wind tunnel test data, J. Physics: Conference Series 753, 022047, 2016.

Polpong, P. and S. Bovornkitti, Indoor radon, Journal of the Medical Association of Thailand, 81, 47-57,
1998.

Pope, C.A. III, R.T. Burnett, M.J. Thun, E.E. Calle, D. Krewski, K. Ito, and G.D. Thurston, Lung cancer,
cardiopulmonary mortality, and long-term exposure to fine particulate air pollution, JAMA, 287, 1132-
1141, 2002.

Puiu, T., Solar and wind supply more than 10% of electricity in 18 U.S. states, ZME Science, 2018,
https://www.zmescience.com/science/news-science/solar-wind-electricity-us-stated-04232/  (accessed
March 25, 2019).

Rahi, O.P., A. Kumar, Economic analysis for refurbishment and uprating of hydropower plants, Renewable
Energy, 86, 1197-1204, 2016.

Rahman, D., A.J. Morgan, Y. Xu, R. Gao, W. Yu, D.C. Hopkins, and I. Husain, Design methodology for a
planarized high power density EV/HEV traction drive using SiC power modules, 2016 IEEE Energy
Conversion Congress and Exhibition, Sept. 18-22, 2016, doi: 10.1109/ECCE.2016.7855018,
https://ieeexplore.ieee.org/document/7855018/authors#authors (accessed March 2, 2019).

Ram, M., D. Bogdanov, A. Aghahosseini, A. Gulagi, A.S. Oyewo, M. Child, U. Caldera, K. Sadovskaia, J.
Farfan, L.S.N.S. Barbosa, M. Fasihi, S. Khalili, B. Dalheimer, G. Gruber, T. Traber, F. De Caluwe, H.-
J. Fell, and C. Breyer, Global energy system based on 100% renewable energy — Power, heat,
transport, and desalination sectors, Lappeenranta University of Technology Research Reports 91,
ISSN: 2243-3376, Lappeenranta, Berlin, 2019, http://energywatchgroup.org/wp-




content/uploads/EWG_LUT_100RE_AIl_Sectors_Global Report 2019.pdf (accessed September 6,
2019).

Ramaiah, R., and K.S.S. Shekar, Solar thermal energy utilization for medium temperature industrial
process heat applications, IOP Conf. Ser.: Mater. Sci. Eng., 376, 010235, 2018.

Ramana, M.V., “Nuclear power: Economic, safety, health, and environmental issues of near-term
technologies,” Annu. Rev. Environ. Resour., 34, 127-152,20009.

Ramboll, World’s largest thermal heat storage pit in Vojens, 2016,
https://stateofgreen.com/en/partners/ramboll/solutions/world-largest-thermal-pit-storage-in-vojens/
https://ramboll.com/projects/re/south-jutland-stores-the-suns-heat-in-the-worlds-largest-pit-heat-
storage (accessed November 25, 2018).

Rasmussen, M.G., G.B. Andresen, and M. Greiner, Storage and balancing synergies in a fully or highly
renewable pan-European power system, Energy Policy, 51, 642-651, 2012.

RE100, The world’s most influential companies committed to 100% renewable power, 2019,
http://there100.org (accessed January 26, 2019).

Rehau, Underground thermal energy storage, 2011
http://www.igshpa.okstate.edu/membership/members only/proceedings/2011/100611-1030-B-
Christopher  percent20Fox  percent20-  percent20Rehau  percent20-  percent20Underground
percent20Thermal percent20Energy percent20Storage.pdf (accessed November 21, 2018).

REN21 (Renewable Energy Policy Network for the 21% Century), Renewables 2019 global status report,
2019, https://www.ren21.net/gsr-2019/,  https://www.ren21.net/gsr-2019/tables/table 06/table 06/
(accessed July 27, 2019).

Renewables Now, Chile’s Coquimbo region nears 100% renewables share in HI1 2019, 2019,
https://renewablesnow.com/news/chiles-coquimbo-region-nears-100-renewables-share-in-h1-2019-
663136/ (accessed July 26, 2019).

Roberts, D., The train goes up, the train goes down: a simple way to store energy, Vox, 2016,
https://www.vox.com/2016/4/28/11524958/energy-storage-rail (accessed April 10, 2019)

Roselund, C., Inertia, frequency regulation and the grid, PV Magazine, 2019, https://pv-magazine-
usa.com/2019/03/01/inertia-frequency-regulation-and-the-grid/ (accessed March 2, 2019).

Ruffalo, M.A., M. Krapels, and M.Z. Jacobson A plan to power the world with wind, water, and sunlight,
Talks at Google, Google, Inc., Mountain View, California, June 20, 2012a,
http://www.youtube.com/watch?v=N_s[.t5¢gNAQs (accessed February 5, 2019).

Ruffalo, M.Z., M.Z. Jacobson, M. Krapels, and video from J. Fox, Powering the world, U.S., and New
York with wind, water, and sunlight, The Nantucket Project, Nantucket, Massachusetts, October 6,
2012b, http://vimeo.com/52038463 (accessed February 5, 2019).

Russell, L.M., C.D. Cappa, M.J. Kleeman, and M.Z. Jacobson, Characterizing the climate impacts of brown
carbon, Final report to the California Air Resources Board Research Division, Project 13-330,
November 30, 2018.

Sadiqa, A., A. Gulagi, and C. Breyer, Energy transition roadmap towards 100% renewable energy and role
of storage technologies for Pakistan by 2050, Energy, 147, 518-533, 2018.

Sadovskaia, K., D. Bogdanov, S. Honkapuro, and C. Breyer, Power transmission and distribution loses — a
model based on available empirical data and future trends for all countries globally, Electrical Power
and Energy Systems, 107, 98-109, 2019.

Sanders, B., Combatting climate change to save the planet, 2016, https://berniesanders.com/people-before-
polluters/ (Accessed February 7, 2019).

Sanders, B., and M. Jacobson, he American people, not big oil, must decide our climate future, The
Guardian, April 29, 2017, https://www.theguardian.com/commentisfree/2017/apr/29/bernie-sanders-
climate-change-big-oil (Accessed February 7, 2019).

Santin, I., M. Barbu, C. Pedret, and R. Vilanova, Control strategies for nitrous oxide emissions reduction on
wastewater treatment plants operation, Water Research, 125, 466-477,2017.

Sanz-Perez, E.S., C.R. Murdock, S.A. Didas, and C.W. Jones, Direct capture of CO> from ambient air,
Chemical Reviews, 116, 11,840-11,876, 2016.

Schubel, P.J., and R.J. Crossley, Wind turbine blade design, Energies, 5, 3425-3449, 2012.




Scottmadden, Billion dollar Petra Nova coal carbon capture project a financial success but unclear if it can
be replicated, 2017, https://www.scottmadden.com/insight/billion-dollar-petra-nova-coal-carbon-
capture-project-financial-success-unclear-can-replicated/ (accessed December 3, 2018).

Searchinger, T., R. Heimlich, R.A. Houghton, F. Dong, A. Elobeid, J. Fabiosa, S. Tokgoz, D. Hayes, and
T.-H. Yu, Use of U.S. cropland for biofuels increases greenhouse gases through emissions from land-
use change, Science, 319, 1238-1240, 2008.

Senate (U.S. Senate), S.Res.632, 2016, https://www.congress.gov/bill/114th-congress/senate-resolution/632
(accessed February 7, 2019).

Senate (U.S. Senate), S.987 — 100 by ’50 Act, 2017.” https://www.congress.gov/bill/115th-congress/senate-
bill/987/text?r=1 (accessed February 7, 2019).

Senate (U.S. Senate), S.Res.59 — A resolution recognizing the duty of the Federal Government to create a
Green New Deal, 2019,” https://www.congress.gov/bill/116th-congress/senate-
resolution/59?q=%7B%22search%22%3A%5B%22greentnew+deal%22%5D%7D&s=1&r=2
(accessed March 26, 2019).

Sibbitt B, D. McClenahan, R. Djebbar, J. Thornton, B. Wong, J. Carriere, and J. Kokko, The performance
of a high solar fraction seasonal storage district heating system — five years of operation, Energy
Procedia, 30, 856-865, 2012.

Sierra Club, 100% commitments in cities, counties, and states, 2019, https://www.sierraclub.org/ready-for-
100/commitments (accessed January 26, 2019).

Sirnivas, S., W. Musial, B. Bailey, and M. Filippelli, Assessment of offshore wind system design, safety,
and operation standards, NREL/TP-5000-60573, 2014.

Skone, T.J., Lifecycle greenhouse gas emissions: Natural gas and power production, 2015 EIA Energy
Conference, Washington DC, June 15, 2015,
https://www.eia.gov/conference/2015/pdf/presentations/skone.pdf (accessed December 2, 2018).

Smallwood, K.S., Comparing bird and bat fatality rate estimates among North American wind energy
projects, Wildlife Society Bulletin, 37, 19-33, 2013.

Socaciu, L., Seasonal sensible thermal energy storage solutions, Leonardo Electronic Journal of Practices
and Technologies, 10, 49-68, 2011.

Solutions Project, Our 100% Clean Energy Vision, 2019 http://www.thesolutionsproject.org/why-clean-
energy/ (accessed February 5, 2019).

Sorensen, B., A plan is outlined to which solar and wind energy would supply Denmark’s needs by the year
2050, Science, 189, 255-260, 1975.

Sorensen, B., Scenarios of greenhouse warming mitigation, Energy Convers. Mgmt, 37, 693-698, 1996.

Sorensen, P.,A., and T. Schmidt, Design and construction of large scale heat storages for district heating in
Denmark, 14" Int. Conf. on Energy Storage, April 25-28, Adana, Turkey, 2018,
http://planenergi.dk/wp-content/uploads/2018/05/Soerensen-and-Schmidt Design-and-Construction-
of-Large-Scale-Heat-Storages-12.03.2018-004.pdf (accessed November 25, 2018).

Sourcewatch, The footprint of coal, 2011, https://www.sourcewatch.org/index.php/The footprint_of coal

(accessed December 3, 2018).

Sovacool, B.K., Valuing the greenhouse gas emissions from nuclear power: A critical survey, Energy
Policy, 36, 2940-2953, 2008.

Sovacool, B.K., Contextualizing avian mortality: A preliminary appraisal of bird and bat fatalities from
wind, fossil-fuel, and nuclear electricity, Energy Policy, 37,2241-2248, 2009.

Spakovsky, ZS., Trends in thermal and propulsive efficiency, 2008,
http://web.mit.edu/16.unified/ www/FALL/thermodynamics/notes/node84.html (accessed March 27,
2019).

Spath, P.L., and M.K. Mann, Life cycle assessment of a natural gas combined-cycle power generation
system, National Renewable Energy Lab, NREL/TP-570-27715, 2000,
http://www.nrel.gov/docs/fy000sti/27715.pdf, Accessed April 24, 2011.

Spector, J., ‘Cheaper than a peaker’: NextEra inks massive wind+solar+storage deal in Oklahoma, 2019,
https://www.greentechmedia.com/articles/read/nextera-inks-even-bigger-windsolarstorage-deal-with-
oklahoma-cooperative#gs.s81b02 (accessed July 26, 2019).

Stagner, J., Stanford University’s “fourth-generation” district energy system, District Energy, Fourth
Quarter, 2016,




https://sustainable.stanford.edu/sites/default/files/IDEA Stagner Stanford fourth Gen DistrictEnergy
.pdf (accessed November 27, 2018).

Stagner, J., Stanford Energy System Innovations, Efficiency and environmental comparisons. 2017,
https://sustainable.stanford.edu/sites/default/files/documents/SESI-CHP-vs-SHP- percent26-CHC.pdf,
(accessed November 24, 2018).

Statistica, Number of retail fuel stations in California from 2009 to 2016, by type, 2017,
https://www.statista.com/statistics/818462/california-fueling-stations-by-type/ (accessed December 3,
2018).

Steinke, )F., P. Wolfrum, and C. Hoffmann, Grid vs. storage in a 100% renewable Europe, Renewable
Energy, 50, 826-832, 2013.

Stevens, F., and L. DiCaprio, Interviews at Stanford University for Before the Flood, 2014,
https://cee.stanford.edu/programs/atmosphere-energy-program (accessed February 7, 2019).

Stone, D., Ferrock basics, 2017, http://ironkast.com/wp-content/uploads/2017/11/Ferrock-basics.pdf

(accessed November 20, 2018).

Stoutenburg, E.D., N. Jenkins, and M.Z. Jacobson, Power output variations of co-located offshore wind
turbines and wave energy converters in California, Renewable Energy, 35, 2781-2791,
doi:10.1016/j.renene.2010.04.033, 2010.

Stoutenburg, E.K., and M.Z. Jacobson, Reducing offshore transmission requirements by combining
offshore wind and wave farms, [EEE Journal of Oceanic Engineering, 36, 552-561,
doi:10.1109/JOE.2011.2167198, 2011.

Stoutenburg, E.D., N. Jenkins, and M.Z. Jacobson, Variability and uncertainty of wind power in the
California electric power system, Wind Energy, 17, 1411-1424, doi:10.1002/we.1640, 2014.

Strata, The footprint of energy: Land wuse of U.S. electricity production, 2017,

https://www.strata.org/pdf/2017/footprints-full.pdf (accessed December 3, 2018).

Streets, D. G., K. Jiang, X. Hu, J. E. Sinton, X.-Q. Zhang, D. Xu, M. Z. Jacobson, and J. E. Hansen, Recent
reductions in China's greenhouse gas emissions, Science, 294, 1835-1836, 2001.

Talebizadeh, P., M.A. Mehrabian, and M. Abdolzadeh, Determination of optimum slope angles of solar
collectors based on new correlations, Energy Sources Part A., 33, 1567-1580, 2011.

Tans, P, and R.JF. Keeling (2015) Trends in  atmospheric carbon  dioxide,
http://www.esrl.noaa.gov/gmd/ccgg/trends/#mlo_full (accessed January 24, 2019).

Ten Hoeve, J.E., and M.Z. Jacobson, Worldwide health effects of the Fukushima Daiichi nuclear accident,
Energy and Environmental Sciences, 5, 8743-8757, 2012.

Teske, S., D. Giurco, T. Morris, K. Nagrath, F. Mey, C. Briggs, E. Dominish, N. Florin, T. Watari, B.
McLellan, T. Pregger, T. Naegler, S. Simon, J. Pagenkopf, B. van den Adel, O. Deniz, S. Schmidt, M.
Meinhausen, K. Dooley, and ed. J. Miller, Achieving the Paris Climate Agreement, 2019,
https://oneearth.app.box.com/s/hetp4qlk34ygdOmw3yjdtctsymsdtags (accessed September 6, 2019).

Tomasini-Montenegro, C., E. Santoyo-Castelazo, H. Gujba, R.J. Romero, and E. Santoyo, Life cycle
assessment of geothermal power generation technologies: An updated review, Applied Thermal
Engineering, 114, 1119-1136, 2017.

Toon, O.B. and T.P. Ackerman, Algorithms for the calculation of scattering by stratified spheres, Appl.
Opt., 20,3657-60, 1981.

Toon O.B., C.P. McKay, and T.P. Ackerman, Rapid calculation of radiative heating rates and
photodissociation rates in inhomogeneous multiple scattering atmospheres, J. Geophys. Res., 94, 16,287-
301, 1989.

Uddin, K., T. Jackson, W.D. Widange, G. Chouchelamane, P.A. Jennings, and J. Marco, On the possibility
of extending the lifetime of lithium-ion batteries through optimal V2G facilitated by an integrated
vehicle and smart-grid system, Energy, 133, 710-722, 2017.

Union Gas, Chemical composition of natural gas, 2018, https://www.uniongas.com/about-us/about-natural-
gas/chemical-composition-of-natural-gas (accessed December 5, 2018).

U.S. DOI (U.S. Department of the Interior), Reclamation: Managing water in the west; Hydroelectric
power, 2005, https://www.usbr.gov/power/edu/pamphlet.pdf (accessed November 22, 2018).

U.S. EPA (U.S. Environmental Protection Agency), 2008 U.S. National Emissions Inventory (NEI), 2011,
https://www.epa.gov/air-emissions-inventories/2008-national-emissions-inventory-nei-data  (accessed
December 2, 2018).




U.S. EPA, Revision under consideration for the 2018 GHGI: Abandoned wells, 2017,
https://www.epa.gov/sites/production/files/2017-
06/documents/6.22.17 ghegi stakeholder workshop 2018 ghgi revision - abandoned wells.pdf
(accessed December 3, 2018).

USGS (U.S. Geological Survey), Mineral Commodities Summaries 2011, U.S. Government Printing
Office, Washington, D. C., 2018, https:/minerals.usgs.gov/minerals/pubs/mcs/2018/mcs2018.pdf
(accessed January 18, 2019).

USGS (United States Geological Survey), Lithium Statistics and Information, 2018,
https://minerals.usgs.gov/minerals/pubs/commodity/lithium/mcs-2018-lithi.pdf  (accessed November
23,2018).

Ussiri, D., and R. Lal, Global sources of nitrous oxide, In Soil emission of nitrous oxide and its mitigation,
Springer, pp. 131-175, 2012.

Van den Bergh, J.C.J.M., and W.J.W. Botzen, A lower bound the social cost of carbon emissions, Nature
Climate Change, 4,253-258,2014.

Van den Bergh, J.C.J.M., and W.J.W. Botzen, Monetary valuation of the social cost of CO2 emissions: A
critical survey, Ecological Economics, 114, 33-468, 2015.

Vavrin, J. Power and energy considerations at forward operating bases (FOBs). United States Army Corps
of Engineers, Engineer Research and Development Center, Construction Engineering Research
Laboratory, 2010 http://www.dtic.mil/dtic/tr/fulltext/u2/a566876.pdf (accessed February 13, 2019).

Viking Heat Engines, Heat Booster, 2019, http://www.vikingheatengines.com/news/vikings-industrial-
high-temperature-heat-pump-is-available-to-order (accessed January 13, 2019).

Vogl, V., M. Ahman, and L.J. Nilsson, Assessment of hydrogen direct reduction for fossil-free
steelmaking, J. Cleaner Production, 203, 736-745, 2018.

WEC  (World Energy Council), World energy resources: Marine Energy, 2016,
https://www.worldenergy.org/wp-content/uploads/2017/03/WEResources_Marine 2016.pdf (accessed
January 9, 2019).

Wank, J., M.A. Ruffalo, Z. Saldana, and M.Z. Jacobson, Tommy and the Professor, 2012,
https://www.youtube.com/watch?v=AqTID6Wv_xk&feature=youtu.be (accessed July 25, 2019).

Werner, S., International review of district heating, Energy, 15, 617-631, 2017.

Wiencke, J., H. Lavelaine, P.-J. Panteix, C. Petijean, and C. Rapin, Electrolysis of iron in a molten oxide
electrolyte, J. Applied Electrochemistry, 48, 115-126, 2018.

Wigley, T.M.L., Coal to gas: the influence of methane leakage, Climatic Change, 108, 601-608, 2011.

Winther, M., D. Balslev-Harder, S. Christensen, A. Prieme, B. Elberling, E. Crosson, and T. Blunier,
Continuous measurements of nitrous oxide isotopomers during incubation experiments,
Biogeosciences, 15, 767-780, 2018.

WHO (World Health Organization), 7 million premature deaths annually linked to air pollution, 2014,
http://www.who.int/mediacentre/news/releases/2014/air-pollution/en/ (accessed July 26, 2019).

WHO (World Health Organization) Health statistics and information systems, 2017a,
https://www.who.int/healthinfo/global burden disease/estimates/en/ (accessed July 26, 2019).

WHO (World Health Organization), Global health observatory data, 2017b,
https://www.who.int/gho/phe/outdoor air pollution/en/ (accessed July 26, 2019).

WHO  (World Health  Organization), Mortality from environmental  pollution, 2017c,
http://apps.who.int/gho/data/node.sdg.3-9-data?lang=en (accessed July 26, 2019).

Wilkerson, J.T., M.Z. Jacobson, A. Malwitz, S. Balasubramanian, R. Wayson, G. Fleming, A.D. Naiman,
and S.K. Lele, Analysis of emission data from global commercial aviation: 2004 and 2006, Atmos.
Chem. Phys., 10, 6391-6408, 2010.

Winnefeld, C., T. Kadyk, B. Bensmann, U. Krewer, and R. Hanke-Rauschenback, Modelling and designing
cryogenic hydrogen tanks for future aircraft applications, Energies, 11, 105, doi:10.3390/en11010105,
2018.

Wiser, R., M. Bolinger, G. Barbose, N. Darghouth, B. Hoen, A. Mills, J. Rand, D. Millstein, S. Jeong, K.
Porter, N. Disanti, and F. Oteri, 2018 wind technologies market report, U.S. Department of Energy,
2019 http://eta-publications.lbl.gov/sites/default/files/wtmr_final for posting 8-9-19.pdf (accessed
August 16,2019).




Woodford, C., Lithium ion batteries, 2018, https://www.explainthatstuff.com/how-lithium-ion-batteries-
work.html (accessed March 26, 2019).

World Bank, Agricultural and rural development, https://data.worldbank.org/indicator/ (2017) (accessed
September 16, 2019).

World Bank, Electric power transmission and distribution losses (% of output), 2018,
https://data.worldbank.org/indicator/EG.ELC.LOSS.ZS?end=2014&start=2009 (accessed January 1,
2019).

World Nuclear Association, World wuranium mining production, 2019, http://www.world-
nuclear.org/information-library/nuclear-fuel-cycle/mining-of-uranium/world-uranium-mining-
production.aspx (accessed March 30, 2019).

World Nuclear News, Green light for next Darlington refurbishment, 2018, http://world-nuclear-
news.org/Articles/Green-light-for-next-Darlington-refurbishment (accessed December 7, 2018).

Worldwatch Institute, Energy poverty remains a global challenge for the future, 2019,
http://www.worldwatch.org/energy-poverty-remains-global-challenge-future (accessed February 13,
2019).

Zapata, S., M. Casteneda, M. Jiminez, A.J. Aristizabel, C.J. Franco, and 1. Dyner, Long-term effects of
100% renewable generation on the Colombian power market, Sustainable Energy Technologies and
Assessments, 30, 183-191, 2018.

Zhang, J., S. Chowdhury, and J. Zhang, Optimal preventative maintenance time windows for offshore wind
farms subject to wake losses, AIAA 2012-5435, 2012.

Zhou, L., Y. Tian, S.B. Roy, C. Thorncroft, L.F. Bosart, and Y. Hu, Impacts of wind farms on land surface
temperature, Nature Climate Change 2, 539-543, 2012.




CURRICULUM VITAE

Last Updated October 11, 2023

Mark Z. Jacobson

Professor of Civil and Environmental Engineering
Director, Atmosphere/Energy Program

Yang and Yamazaki Environment and Energy Building
Civil and Environmental Engineering, Mailcode 4020
473 Via Ortega, Room 397

Stanford University

Stanford, CA 94305-4020, USA

Tel: (650) 723-6836

Fax: (650) 723-7058

Email: jacobson@stanford.edu

Internet: http://www.stanford.edu/group/efmh/jacobson
b

Degrees and Employment

B. S., with distinction, Stanford University, Civil Engineering, 1988

B. A., with distinction, Stanford University, Economics, 1988

M. S., Stanford University, Environmental Engineering, 1988

M. S., UCLA, Atmospheric Sciences, 1991

Ph. D., UCLA, Atmospheric Sciences, 1994

Research Asst., UCLA, Atmospheric Sciences, 1989-1994

Teaching Assistant, UCLA, Atmospheric Sciences, 1989-1994

Postdoctoral Student, UCLA, Atmospheric Sciences, June-September, 1994
Assistant Professor, Civil and Environmental Engineering, Stanford University, 1994-
2001.

Associate Professor, Civil and Environmental Engineering, Stanford Univ., 2001-2007
Professor, Civil and Environmental Engineering, Stanford University, 2007-present
Professor by Courtesy of Energy Resources Engineering, Stanford Univ, 2007-2010
Associate Director, Environmental Fluid Mechanics Laboratory, Stanford University,
September, 1996-2004.

Director and co-founder, Atmosphere/Energy Program (link), Dept. of Civil and
Environmental Engineering, Stanford University, 2004-present.

Senior Fellow, Woods Institute for the Environment (link), January 2008-present
Senior Fellow, Precourt Institute for Energy (link), January 1, 2010-present
Co-founder, The Solutions Project (link), July 10, 2011-present.




Scientific Background

Mark Z. Jacobson’s career has focused on better understanding air pollution and global
warming problems and developing large-scale clean, renewable energy solutions to them.
Toward that end, he has developed and applied three-dimensional (3-D) atmosphere-
biosphere-ocean computer models and solvers to simulate and understand air pollution,
weather, climate, and renewable energy systems. He has also developed roadmaps to
transition countries, states, cities, and towns to 100% clean, renewable energy for all
purposes and computer models to examine grid stability in the presence of 100%
renewable energy. Jacobson has been a professor at Stanford University since 1994. His
research crosses two fields: Atmospheric Sciences and Energy, each discussed next.

Atmospheric Sciences

Jacobson started computer modeling in 1990. He developed over 85% of the computer
code for the world’s first 3-D urban air pollution model coupled, with feedback, to
meteorology. He then developed the first coupled 3-D global air pollution-weather-
climate model and first unified nested global-through-urban air pollution-weather-climate

model, GATOR-GCMOM. Zhang (2008) calls Jacobson’s unified model “the first fully-
coupled online model in the history that accounts for all major feedbacks among major
atmospheric processes based on first principles.” Many features in GATOR-GCMOM are
now mainstream in other models worldwide. For these models, he coded the world's
fastest (at the time) ordinary differential equation solver in a 3-D model for a given level
of accuracy (SMVGEAR). He also developed solvers for aerosol and cloud coagulation,
breakup, condensation/evaporation, freezing, dissolution, chemical equilibrium, and
lightning; air-sea exchange; ocean chemistry; greenhouse gas radiation absorption; and
land-surface processes. Thousands of researchers have used computer codes he has
developed.

In 2000 and 2001, Jacobson applied his model to discover that black carbon, the main
component of soot air pollution particles, may be the second-leading cause of global
warming in terms of radiative forcing, after carbon dioxide. Several subsequent studies,
including the highly-cited review by Bond et al. (2013), confirmed his finding.

Jacobson’s finding about black carbon’s climate effects resulted in his invitation to testify
to the U.S. House of Representatives in 2007 and formed the original scientific basis for
several proposed laws and policies. These included U.S. Senate Report 110-489 (Black
Carbon Research Bill of 2008), U.S. House Bill 7250 (Arctic Climate Preservation Act of
2008), U.S. House Bill 1760 (Black Carbon Emissions Reduction Act of 2009), U.S.
Senate Bill 849 (2009 Bill for the U.S. EPA to research black carbon), U.S. Senate Bill
3973 (Diesel Emission Reduction Act of 2010), European Parliament Resolution B7-
0474/2011 (Resolution calling for black carbon controls on climate grounds), the 2012
multi-country Climate and Clean Air Coalition to Reduce Short-Lived Climate Pollutants,
led by Hilary Clinton, California Senate Bill 1383 (2016 Bill to reduce black carbon), and




California’s 2002 rule to not allow diesel vehicles to have higher particle emissions than
gasoline vehicles.

For his black carbon discovery and modeling, Jacobson received the 2005 American
Meteorological Society Henry G. Houghton Award, given for his “significant
contributions to modeling aerosol chemistry and to understanding the role of soot and
other carbon particles on climate” and a 2013 American Geophysical Union Ascent
Award for “his dominating role in the development of models to identify the role of black
carbon in climate change.”

Jacobson’s 2008 and 2010 findings that carbon dioxide domes over cities have enhanced
air pollution mortality through its feedback to particles and ozone resulted in another
invitation for him to testify in the U.S. House of Representatives in 2008 and to testify
twice in U.S. Environmental Protection Agency (EPA) hearings. In the first EPA hearing
he was called as the State of California’s only expert witness to testify on how carbon
dioxide can damage health locally by increasing temperatures and water vapor. This
testimony served as a direct scientific basis for the EPA’s 2009 approval of the first
regulation in U.S. history of carbon dioxide (the California waiver).

Energy
With respect to energy, in 2001 Jacobson published a paper in Science examining the

ability of the U.S. to convert a large fraction of its energy to wind. In 2005, his group
developed the first world wind map based on data alone. His students and he
subsequently published on the impacts of hydrogen fuel cell vehicles on air quality and
climate, on reducing the variability of wind energy by interconnecting wind farms; on
integrating solar, wind, geothermal, and hydroelectric power into the grid; on integrating
offshore wind and wave power; on comparing ethanol with gasoline; and on mapping
U.S. offshore wind resources.

In 2008, he carried out a review of proposed energy technologies to address air pollution,
global warming, and energy security, concluding that wind-water-solar (WWS)
technologies resulted in the greatest benefits. In 2009, he coauthored a plan, featured on
the cover of Scientific American, to determine if powering the world for all purposes with
WWS was possible. In 2010, he was invited to participate in a TED debate. From 2010-
2012, he served on the Energy Efficiency and Renewables advisory committee to the U.S.
Secretary of Energy. In 2011, he cofounded The Solutions Project non-profit, which
combined science, business, culture, and community, to educate people about science-
based 100% clean, renewable energy roadmaps for 100% of the people.

In 2013, 2014, and 2016, he and his students developed roadmaps to transition New York,
California, and Washington State, respectively, to 100% WWS. Jacobson’s New York
energy roadmap resulted in an invitation for him to appear on the Late Show with David
Letterman on October 9, 2013. Jacobson was then asked by the New York governor’s




office to provide more information about a possible transition of New York to 100%
WWS. In 2016, the governor proposed and passed a 50% renewable law (the New York
Clean Energy Standard). Also in 2016, and in 2018, the New York Senate proposed New
York Senate Bills S5527 and S5908A, respectively, for the state to go to 100% renewable
electricity. The texts of both bills state, “This bill builds upon the Jacobson wind, water
and solar (WWS) study...” In 2019, New York State implemented Jacobson'd goal for the
electricity sector by passing a law to go to 100% renewable electricity.

Similarly, on October 27, 2014, after the publication of Jacobson’s California WWS
roadmap, the California governor’s office invited Jacobson to meet with the governor’s
policy advisors to discuss the roadmap. In January, 2015, the governor proposed and,
shortly after, obtained passage of a law (SB 350) for California to move to 50%
renewable electricity. In 2018, this law was updated for the state to go to 100% renewable
electricity (SB 100).

In 2015, Jacobson and his group published WWS plans for all 50 states and a continental-
U.S.-wide grid study assuming 100% WWS. The grid paper earned Jacobson and his
coauthors a 2016 Cozzarelli Prize from the Proceedings of the National Academy of
Sciences, given for “outstanding scientific excellence and originality.” The plans and grid
study were updated for the 50 U.S. states and individual U.S. regions in 2022. The
publication of these roadmaps, together with their dissemination by the Solutions Project
and dozens of other nonprofits, resulted in the widespread awareness of Jacobson’s plans
and the growth of the 100% renewable energy movement. Jacobson’s science-based plans
resulted in all three Democratic presidential candidates for the 2016 election making
100% renewable energy part of their platform. Senator Sanders included Jacobson’s
roadmaps on his web site and, after the election, wrote an op-ed with Jacobson in the
Guardian calling for a transition to 100% renewables.

To date, activists inspired by Jacobson’s plans have encouraged 17 U.S. states (CA, CT,
HI, IL, ME, MN, NC, NE, NJ, NM, NV, NY, OR, RI, VA, WA, WI), the District of
Columbia, and Puerto Rico to pass laws or Executive Orders requiring a transition of up
to 100% clean, renewable electricity. At the federal level, eight laws and resolutions were
proposed calling for the U.S. to move to 100% renewable electricity or all energy. These
included House Resolution 540 (2015), House Bill 3314 (2017), House Bill 3671 (2017),
House Bill 330 (2019); Senate Resolution 632 (2019), Senate Bill 987 (2019), House
Resolution 109 (2019), and Senate Resolution 59 (2019). All were inspired by Jacobson’s
plans. For example, the first, House Resolution 540, states: “Whereas a Stanford
University study concludes that the United States energy supply could be based entirely
on renewable energy by the year 2050 using current technologies.”

House Resolution 109 and Senate Resolution 59 are the proposed U.S. Green New Deal.
As stated by Dr. Marshall Shepherd, “Professor Mark Jacobson at Stanford University has
been a longtime leader in climate science and renewable energy transition. Many of the




assumptions in the Green New Deal seem to be anchored in his scholarship.” The main
goals of the Green New Deal, to transition the U.S. to 100% renewable energy by 2030,
came from Jacobson and Delucchi’s 2009 Scientific American paper.

In 2009 and 2011, Jacobson developed plans to transition the world to 100% WWS. In
2017-2018, he developed more detailed plans and grid studies for 139 individual
countries. These were updated for 143 countries in 2019 and 145 countries in 2022. To
date, 61 countries have enacted policies calling for 100% renewable electricity.

The Sierra Club supported the Jacobson roadmaps, and in 2013, asked him to help with a
campaign to encourage cities around America to adopt 100% WWS laws. Ultimately, he
and his students published plans for 53 towns and cities (2018) and 74 metropolitan areas
(2020). To date, about 160 U.S. cities and over 400 cities worldwide have enacted
policies to transition to 100% renewable electricity. Over 400 international companies
have committed to 100% renewables in their global operations. In 2023, Jacobson served
as an expert witness on behalf of 16 youth plaintiffs in the first climate case in U.S.
history, Held v. Montana, to discuss the ability of Montana to transition to WWS. The
plaintiffs prevailed.

For his research and leadership in Energy, Jacobson received the 2013 Global Green
Policy Design Award for the “design of analysis and policy framework to envision a
future powered by renewable energy.” In 2016, he received a Cozzarelli Prize. In 2018, he
received the Judi Friedman Lifetime Achievement Award “For a distinguished career
dedicated to finding solutions to large-scale air pollution and climate problems.” In 2019
and 2022, he was selected as “one of the world’s 100 most influential people in climate
policy” by Apolitical. In 2022, he was recognized as “World Visionary CleanTech
Influencer of the Year” by the CleanTech Business Club.

Additional Work and Impact

To date, Jacobson has published about 180 peer-reviewed journal articles and given (since
1994) ~750 invited talks. In 2004, he founded and has ever since directed the
Atmosphere/Energy Program at Stanford. Jacobson has written six textbooks, including
Fundamentals of Atmospheric Modeling (1999) and Atmospheric Pollution: History,
Science, and Regulation (2002). These two books, plus second editions in 2005 and 2012,
respectively, relate primarily to his work in Atmospheric Sciences. The last two, 100%_
Clean, Renewable Energy and Storage for Everything (2020) and No Miracles Needed
(2023), relate to his work in Energy.

Based on the impact of his research through citations to papers, Jacobson is ranked as the
most impactful scientist in the world in the field of Meteorology & Atmospheric Sciences
among those with their first publication past 1985. Among scientists publishing in any
year from 1788 to 2021, he is ranked #12 in that field. In the Energy field, he is ranked #6
among those with their first publication past 1980 and #16 among those with their first



publication in any year. He is also ranked #1,843 among all fields, among all 10 million
scientists in history.

Awards, Scholarships, and Fellowships
Yale Book award, 1982

Distinguished Scholar Award, Palo Alto Unified School District, 1983

Faculty Cup award, "Presented in recognition of outstanding academic achievement and
leadership by the administration and faculty of H. M. Gunn Senior High School," 1983

National Merit scholarship, 1983

Harvard College Honorary National Scholarship,"Highest award given by Harvard
University to members of incoming class, based on academic distinction and
extracurricular achievement," 1983

NCAA-ITCA scholar-athlete of the year award, 1985, 1986, 1987

Division I NCAA-ITCA Academic All-American, 1987

Stanford University Tennis scholarship, Stanford University, 1986-7

Department of Civil Engineering academic fellowship, Stanford University, 1987
Second place, ASCE hazardous waste essay writing competition, 1987
Chancellor's fellowship, UCLA, 1989

Neiburger teaching award, UCLA, 1992

Dissertation Year fellowship, UCLA, 1993-4

NSF Career Early Development Award, 1995-1998

Powell Foundation Award, Stanford University, 1995-1996

Frederick Terman Fellowship, Stanford University, 1997-2000

Presidential Research Grant for Junior Faculty, Stanford University, 1998



NASA New Investigator Award, 1999-2002

Research Incentive Award, Office of Technology and Licensing Stanford Univ., 2001-
2002

American Meteorological Society Henry G. Houghton Award "for significant
contributions to modeling aerosol chemistry and to understanding the role of soot and
other carbon particles on climate," 2005

Editors' Citation for Excellence in Refereeing, Journal of Geophysical Research-
Atmospheres, 2005 (link)

Most-accessed article April-June 2007; second-most-accessed article July-September
2007, in the Journal, Environmental Science and Technology, "Effects of ethanol (E85)
versus gasoline on cancer and mortality in the United States." (link)

Partial share of the 2007 Nobel Peace Prize as a research contributor to and reviewer of
the Intergovernmental Panel on Climate Change 3rd and 4th Assessment Reports, cited
for "efforts to build up and disseminate greater knowledge about man-made climate
change, and to lay the foundations for the measures that are needed to counteract such
change."

Editor Highlight in Geophysical Research letters for "On the causal link between carbon
dioxide and air pollution mortality," February 2008. (link)

Top three most popular research news stories of 2008 published by Environmental
Research Web: "Carbon dioxide increase causes air pollution deaths," a news story on
"On the causal link between carbon dioxide and air pollution mortality." (link)

Top three "Most Interesting Science and Technology News of 2008", by Blogher,
"Review of solutions to global warming, air pollution, and energy security," (link to story)
(link to article)

Economist.com "noteworthy journal article" for January 2009, "Review of solutions to
global warming, air pollution, and energy security." (link to story)(link to article)

Top-downloaded paper, "Influence of future anthropogenic emissions on climate, natural
emissions, and air quality," all Journal of Geophysical Research Journals, May 2009.

(link)

All-time top downloaded paper in Energy and Environmental Science as of June 2012,
"Review of solutions to global warming, air pollution, and energy security." (link)



One of the top two science stories of 2009 according to Science of the Times, "A path to
sustainable energy by 2030," Scientific American, November 2009.(link)

American Geophysical Union Research Spotlight, "Short-term effects of controlling
fossil-fuel soot, biofuel soot and gases, and methane on climate, Arctic ice, and air
pollution health," July 29, 2010.(link)

Top-cited first author, Stanford University School of Engineering, all departments, for
first-authored papers published since Jan. 1, 1994.

Sixth all-time Science and Technology TED Talks, “Debate: Does the world need nuclear
energy,” behind Stephen Hawking (1) and James Watson (5) (link)

Editors' Citation for Excellence in Refereeing, Journal of Geophysical Research-
Atmospheres, 2012 (link)

American Geophysical Union Ascent Award, for “his dominating role in the development
of models to identify the role of black carbon in climate change,” 2013. (link)

Atlas Award honoring climate heroes, Danville, California, November 16, 2013. (link)

Top-scoring article in Energy and Environmental Sciences: Ten Hoeve, J.E., and M.Z.
Jacobson, Worldwide health effects of the Fukushima Daiichi nuclear accident, Energy
and Environmental Sciences, 2012; October 28, 2013 (link)(paper)

Global Green Award, Policy Design, New York City, December 3, 2013, “Honoring the
‘design’ of analysis and policy framework to envision a future powered by renewable
energy. Research and work focused on New York and California has provided an
alternative path to the future,” (link)

41st highest cited climate paper out of 120,000, with 961 citations as of July 8, 2015
(Jacobson, M.Z., Strong radiative heating due to the mixing state of black carbon in
atmospheric aerosols, Nature, 409, 695-697, 2001)” (link) (spreadsheet) (paper)

Named by Grist50 as one of top 50 "Innovators, organizers, and visionaries who will lead
us toward a more sustainable future, in the coming year (and beyond), January 16, 2016,”

(link)

Highest-cited two papers in Energy Policy between 2011 and 2016: Jacobson and
Delucchi, 2011; Delucchi and Jacobson, 2011 (link) (pdf) (pdf)

Cozzarelli Prize, Awarded February 23, 2016 “for outstanding scientific excellence and
originality” to 6 out of ~3,000 papers published in 2015 in the Proceedings of the
National Academy of Sciences. Each of the six papers represents an area of research. This
prize was awarded in the area of “Applied Biological, Agricultural, and Environmental
Sciences” for Jacobson, M.Z., M.A. Delucchi, M.A. Cameron, and B.A. Frew, A low-cost



solution to the grid reliability problem with 100% penetration of intermittent wind, water,
and solar for all purposes (link) (paper)

American Geophysical Union, EOS Research Spotlight, “Roadmaps to transition
countries to 100% clean, renewable energy for all purposes to curtail global warming, air
pollution, and energy risk,” published in Earth’s Future, December 5, 2017. (link)

Judi Friedman Lifetime Achievement Award, "For a distinguished career dedicated to
finding solutions to large-scale air pollution and climate problems. Professor Jacobson
has carried out original and important research on the feasibility of wind, water and solar
energy to meet the needs of buildings, cities, states and countries around the world. In so
doing, he has given scientific rigor to a public discussion that is central to the survival of
humanity. As a co-founder of the Solutions Project, he is providing a scientific basis for a
collective movement to promote 100% renewable energy," presented by People’s Action
for Clean Energy (PACE), Hartford, Connecticut, November 8, 2018. (video)

World’s 100 most influential people in climate policy for 2019, from Apolitical, March
20, 2019. (link)

World's 2nd top influencer in Environmental Sustainability, from Onalytica, June 26,

2019. (link)

All-electric showcase award, Silicon Valley Clean Energy, for being a “leader within our
community who is reducing local emissions and promoting a healthier community with
their advanced electric technologies and building designs,” September 23, 2019. (link)

World's #1 academic influencer on Smart Grids, from Onalytica, October 23, 2019. (link)

Visionary CleanTech Influencer of the Year, World Clean Tech Awards, 2021 Edition,
Dubai, UAE, March 14, 2022. (link)

Ranked as the most impactful scientist in the world in the field of Meteorology &
Atmospheric Sciences among those with their first publication past 1985. Among
scientists publishing in any year from 1788 to 2021, he is ranked #12 in that field. In the
Energy field, he is ranked #6 among those with their first publication past 1980 and #16
among those with their first publication in any year. He is also ranked #1,843 among all
fields, among all 10 million scientists in history. October 10, 2022. (link)

Grants

U.S. EPA Global Air Pollution Modeling, 1994 - 1997

U.S. EPA Urban Air Pollution, 1995-1998

National Science Foundation, Climate Modeling, 1997-2000
National Science Foundation, Climate Modeling, 2001-2004
U.S. EPA Climate Modeling, 2001-2002

U.S. EPA Climate Modeling, 2002-2003

NASA Climate Modeling, 2004-2007



Global Climate and Energy Project, Effect of hydrogen on air pollution, 2004-2007
NASA Climate and Air Pollution Modeling, 2004-2007

U.S. EPA, Climate Effects on Air Pollution, 2007-2011

NASA Effects of Aerosols on Clouds, 2007-2010

U.S. Army, Transport of Airborne and Waterborne Particles Center, 2007-2012

Federal Aviation Administration, Effects of contrails on climate, 2007-2009

U.S. Dept. of Energy, Effects of hydrogen on the atmosphere, 2007-2009

Precourt Institute for Energy Efficiency, Optimizing renewable energy, 2008-2009
Federal Aviation Administration, Effects of low-sulfur jet fuel on climate, 2008-2009
National Science Foundation, Measuring and modeling organic aerosols, 2008-2011
Federal Aviation Administration, Effects of Aviation on Climate, 2009-2013

Federal Aviation Administration, Effects of Rerouting Polar Aircraft, 2009-2010
Federal Aviation Administration, ACCRI, 2010-2012

National Science Foundation, Effects of absorbing aerosols on clouds, 2012-2014
Federal Aviation Administration, Effects of Aviation on Climate, 2011-2015

National Aeronautics and Space Administration, Megacity changes, 2012-2015 National
Science Foundation, Modeling satellite correlations of cloud properties, 2015-2018
Woods Institute for the Environment, Developing 100% clean, renewable roadmaps for
towns and cities, 2017-2018

Innovation Fund Denmark, RE Invest — Renewable energy investment strategies, 2017-
2021

U.S. Army Corps of Engineers (USACE) Engineer Research and Development Center
(ERDC), Building a self-sustaining microgrid for remote communities and military bases,
2022-2025

Courses taught
CEE 063/263C Weather and Storms

CEE 064/263D Air Pollution and Global Warming: History, Science, and Solutions

CEE 263A Air Pollution Modeling
CEE 263B Numerical Weather Prediction

CEE 176B/276B 100% Clean, Renewable Energy and Storage for Everything

Public online courses
XEIET 100 Clean, renewable energy and storage for a sustainable future

XEIET 200 Planning for a sustainable future with wind, water, and the sun

Unique Features of GATOR-GCMOM (Click here)

Ph. D. Thesis
Jacobson M. Z. (1994) Developing, coupling, and applying a gas, aerosol, transport, and
radiation model to study urban and regional air pollution. Ph. D. Dissertation, Dept. of



Atmospheric Sciences, University of California, Los Angeles, 436 pp. (pdf)

Books
Jacobson, M. Z., Fundamentals of Atmospheric Modeling. Cambridge University Press,
New York, 656 pp., 1999. (link)

Jacobson, M. Z., Fundamentals of Atmospheric Modeling, Second Edition, Cambridge
University Press, New York, 813 pp., 2005. (link)

Jacobson, M. Z., Atmospheric Pollution: History, Science, and Regulation, Cambridge
University Press, New York, 399 pp., 2002. (link)

Jacobson, M. Z., Air Pollution and Global Warming: History, Science, and Solutions,
Cambridge University Press, Cambridge, 375 pp., 2012 (link)

Jacobson, M. Z., 100% Clean, Renewable Energy and Storage for Everything, Cambridge
University Press, New York, 427 pp., 2019 (link)

Jacobson, M. Z., No Miracles Needed, Cambridge University Press, New York, 437 pp.,
2023 (link)

Peer-Reviewed Journal Articles as First Author

1. Jacobson, M. Z., and R. P. Turco, SMVGEAR: A sparse-matrix, vectorized Gear
code for atmospheric models, Atmos. Environ., 28A, 273-284, 1994. (link)

2. Jacobson, M. Z., R. P. Turco, E. J. Jensen, and O. B. Toon, Modeling coagulation
among particles of different composition and size, Atmos. Environ., 28A, 1327-
1338, 1994. (link)

3. Jacobson, M. Z., and R. P. Turco, Simulating condensational growth, evaporation,
and coagulation of aerosols using a combined moving and stationary size grid,
Aerosol Sci. and Technol., 22, 73-92, 1995. (link)

4. Jacobson, M. Z., Computation of global photochemistry with SMVGEAR I1.
Atmos. Environ., 29A, 2541-2546, 1995. (link)

5. Jacobson, M. Z., A. Tabazadeh, and R. P. Turco, Simulating equilibrium within
aerosols and non-equilibrium between gases and aerosols, J. Geophys. Res., 101,
9079-9091, 1996. (link)

6. Jacobson, M. Z., R. Lu, R. P. Turco, and O. B. Toon, Development and
application of a new air pollution modeling system. Part I: Gas-phase simulations,
Atmos. Environ., 30B, 1939-1963, 1996. (link)

7. Jacobson, M. Z., Development and application of a new air pollution modeling
system.



Part II: Aerosol module structure and design, Atmos. Environ., 31A, 131-144,
1997. (link)

8. Jacobson, M. Z., Development and application of a new air pollution modeling
system.
Part III: Aerosol-phase simulations, Atmos. Environ., 31A, 587-608, 1997. (link)

9. Jacobson, M. Z., Numerical techniques to solve condensational and dissolutional
growth equations when growth is coupled to reversible reactions, Aerosol Sci.
Technol., 27, 491-498, 1997. (link)

10.Jacobson, M. Z., Improvement of SMVGEAR II on vector and scalar machines
through absolute error tolerance control. Atmos. Environ., 32, 791-796, 1998.
(link)

11.Jacobson, M. Z., Studying the effects of aerosols on vertical photolysis rate
coefficient and temperature profiles over an urban airshed, J. Geophys. Res., 103,
10,593-10,604, 1998. (link)

12.Jacobson, M. Z., Isolating nitrated and aromatic aerosols and nitrated aromatic
gases as sources of ultraviolet light absorption, J. Geophys. Res., 104, 3527-3542,
1999. (link)

13.Jacobson, M.Z., Effects of soil moisture on temperatures, winds, and pollutant
concentrations in Los Angeles, J. Appl. Meteorol., 38, 607-616, 1999. (link)

14.Jacobson, M. Z., Studying the effects of calcium and magnesium on size-
distributed nitrate and ammonium with EQUISOLYV 11, Atmos. Environ., 33, 3635-
3649, 1999. (link)

15.Jacobson, M. Z., A physically-based treatment of elemental carbon optics:
Implications for global direct forcing of aerosols, Geophys. Res. Lett., 27, 217-
220, 2000. (link)

16.Jacobson, M. Z., Global direct radiative forcing due to multicomponent
anthropogenic and natural aerosols, J. Geophys. Res., 106, 1551-1568, 2001. (link)

17.Jacobson, M. Z., Strong radiative heating due to the mixing state of black carbon
in atmospheric aerosols, Nature, 409, 695-697, 2001. (link)

18.Jacobson, M. Z., GATOR-GCMM: A global through urban scale air pollution and
weather forecast model. 1. Model design and treatment of subgrid soil, vegetation,
roads, rooftops, water, sea ice, and snow., J. Geophys. Res., 106, 5385-5402, 2001.
(link)

19.Jacobson, M. Z., GATOR-GCMM: 2. A study of day- and nighttime ozone layers
aloft, ozone in national parks, and weather during the SARMAP Field Campaign,
J. Geophys. Res., 106, 5403-5420, 2001. (link)

20.Jacobson, M. Z., and G. M. Masters, Exploiting wind versus coal, Science, 293,
1438-1438, 2001. (link)

21.Jacobson, M. Z., Analysis of aerosol interactions with numerical techniques for
solving coagulation, nucleation, condensation, dissolution, and reversible



chemistry among multiple size distributions, J. Geophys. Res., 107 (D19), 4366,
doi:10.1029/2001JD002044, 2002. (link)

22.Jacobson, M. Z., Control of fossil-fuel particulate black carbon plus organic
matter, possibly the most effective method of slowing global warming, J.
Geophys. Res., 107 (D19), 4410, doi:10.1029/ 2001JD001376, 2002. (link)

23.Jacobson, M. Z., Development of mixed-phase clouds from multiple aerosol size
distributions and the effect of the clouds on aerosol removal, J. Geophys. Res.,
108 (D8), 425, doi: 10 1029/2002JD002691, 2003. (link)

24.Jacobson, M. Z., J. H. Seinfeld, G. R. Carmichael, and D.G. Streets, The effect on
photochemical smog of converting the U.S. fleet of gasoline vehicles to modern
diesel vehicles, Geophys. Res. Lett., 31, 1.02116, doi:10.1029/2003GL.018448,
2004. (link)

25.Jacobson, M.Z., and J.H. Seinfeld, Evolution of nanoparticle size and mixing state
near the point of emission, Atmos. Environ., 38, 1839-1850, 2004. (link)

26.Jacobson, M. Z., The short-term cooling but long-term global warming due to
biomass burning, J. Climate, 17, 2909-2926, 2004. (link)

27.Jacobson, M.Z., The climate response of fossil-fuel and biofuel soot, accounting
for soot's feedback to snow and sea ice albedo and emissivity, J. Geophys. Res.,
109, D21201, doi:10.1029/2004JD004945, 2004. (link)

28.Jacobson, M.Z., A solution to the problem of nonequilibrium acid/base gas-
particle transfer at long time step, Aerosol Sci. Technol, 39, 92-103, 2005. (link)

29.Jacobson, M.Z., A refined method of parameterizing absorption coefficients
among multiple gases simultaneously from line-by-line data, J. Atmos. Sci., 62,
506-517, 2005. (link)

30.Jacobson, M.Z., Studying ocean acidification with conservative, stable numerical
schemes for nonequilibrium air-ocean exchange and ocean equilibrium chemistry,
J. Geophys. Res., 110, D07302, doi:10.1029/2004JD005220, 2005. (link)

31.Jacobson, M.Z., W.G. Colella, and D.M. Golden, Cleaning the air and improving
health with hydrogen fuel cell vehicles, Science, 308, 1901-1905, 2005. (link)

32.Jacobson, M.Z., D.B. Kittelson, and W.F. Watts, Enhanced coagulation due to
evaporation and its effect on nanoparticle evolution, Environmental Science and
Technology, 39, 9486-9492, 2005. (link)

33.Jacobson, M.Z., Effects of externally-through-internally-mixed soot inclusions
within clouds and precipitation on global climate, J. Phys. Chem. A, 110, 6860-
6873, 2006. (link)

34.Jacobson, M.Z., and Y.J. Kaufmann, Wind reduction by aerosol particles,
Geophys. Res. Lett., 33, 1.24814, doi:10.1029/2006GL027838, 2006. (link)

35.Jacobson, M.Z., Effects of ethanol (E85) versus gasoline vehicles on cancer and
mortality in the United States, Environ. Sci. Technol., 41, 4150-4157,
10.1021/es062085v, 2007. (link)



36.Jacobson, M.Z., Y.J. Kaufmann, Y. Rudich, Examining feedbacks of aerosols to
urban climate with a model that treats 3-D clouds with aerosol inclusions, J.
Geophys. Res., 112, D24205, doi:10.1029/2007JD008922, 2007. (link)

37.Jacobson, M.Z., On the causal link between carbon dioxide and air pollution
mortality, Geophysical Research Letters, 35, L03809,
doi:10.1029/2007GL031101, 2008. (link)

38.Jacobson, M.Z., Effects of wind-powered hydrogen fuel cell vehicles on
stratospheric ozone and global climate, Geophys. Res. Lett., 35, 1.19803,
doi:10.1029/2008GL035102, 2008. (link)

39.Jacobson, M.Z., The short-term effects of agriculture on air pollution and climate
in California, J. Geophys. Res., 113, D23101, doi:10.1029/2008JD010689, 2008.
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40.Jacobson, M.Z., Review of solutions to global warming, air pollution, and energy
security, Energy and Environmental Science, 2, 148-173, doi:10.1039/b809990c,
2009. (link)

41.Jacobson, M.Z., and D.G. Streets, The influence of future anthropogenic
emissions on climate, natural emissions, and air quality, J. Geophys. Res., 114,
D08118, doi:10.1029/2008JD011476, 2009. (link)

42.Jacobson, M.Z., Effects of biofuels vs. other new vehicle technologies on air
pollution, global warming, land use, and water, Int. J. Biotechnology, 11, 14-59,
2009. (pdf)

43.Jacobson, M.Z., and M.A. Delucci, A path to sustainable energy by 2030,
Scientific American, November 2009 (cover story). (link)

44.Jacobson, M.Z., The enhancement of local air pollution by urban CO2 domes,
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mechanism, J. Geophys. Res., 115, D14304, doi:10.1029/2009JD013289, 2010.
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(link)
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November 19, 2015 (schedule) (written testimony)

91.100% WWS plans for countries and states, UN Foundation Earth to Paris Social
Good Event, UNFCC, Petit Palais, Paris, France, December 7, 2015 (link)
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95.Roadmaps for transitioning all 50 U.S. states and 139 countries to wind, water,
and solar power for all purposes, Sustainability Conference, Saint Louis
University, St. Louis, Missouri, April 13, 2016 (link)

96.Distinguished Climate Lectures, Powering the Earth with 100% wind, water, and
sunlight (WWS) for all purposes, von Karman Earth week lecture, Center for
Climate Sciences, Jet Propulsion Laboratory, Pasadena, California, April 18, 2016

(link)

97.Roadmaps for transitioning all 50 U.S. states and 139 countries to wind, water,
and solar power for all purposes, Implementing COP21 Event Atlanta, Cleantech
Open, Georgia Institute of Technology, Atlanta, Georgia, May 4, 2016 (link)

98.Transitioning the energy economy to wind, water, and solar power, Boundless,
San Francisco, California, June 8, 2016.



99.Powering states, countries, and the world with 100% wind, water, and solar power
for all purposes, 4th annual energy and sustainability summit, Oracle Corporation,
Redwood City, California, June 30, 2016 (link)

100.Roadmaps for transitioning all 50 U.S. states and 139 countries to wind, water,
and solar power for all purposes, University of Michigan Energy Institute, Ann
Arbor, Michigan, September 26, 2016 (video)

101.Transitioning each country’s all-purpose energy to electricity powered by wind,
water, and sunlight, Distinguished Lecture Series, University of Delaware,
Newark, Delaware, November 16, 2016 (video)

102.Transitioning the world to 100% wind, water, and solar for all purposes,
University of British Columbia, Vancouver, British Columbia, Canada, January
30, 2017 (announcement)

103.Transitioning the energy infrastructures of states and countries to 100% wind,
water, and solar for all purposes, North Carolina Climate Conference, February 4,
2017 (presented remotely).

104.How to go to 100% wind, water, solar with a stable grid at low cost 100% of the
time with no coal, oil, gas, or nuclear, University of Houston, February 15, 2017

(video)

105.Realizing the 100% wind-water-solar (WWS) era, New York Climate
Conference, New York University, New York City, New York, March 11, 2017.

106.100% Renewable plan for Maryland, the 50 U.S. states, and the world, Rural
America Responds to Climate Change, Easton, Maryland, April 1, 2017 (presented
remotely).

107.Transitioning States and Countries to 100% Clean, Renewable Energy for all
Purposes, NOAA Climate Stewards Education Project, webinar, August 7, 2017

(video)
108.Transitioning the world to 100% clean, renewable energy, CITVN/Global Ethics
webinar, October 10, 2017.

109.Transitioning the world to 100% wind, water, and solar for all purposes, Fall for
the Book Festival, George Mason University, Fairfax, Virginia, October 11, 2017.

(link)
110.The World If? The Economist Energy Summit, London, UK, November 28, 2017
(link)



111.Transitioning countries, states, and cities to 100% clean, renewable energy for all
purposes as fast as possible, Praxis Peace Institute, Sonoma, California, January 4,

2018 (link)

112.Moving the Bay Area to 100% renewable energy, Climate Reality, San
Francisco, California, February 25, 2018 (video)

113.Transitioning countries, states, cities, and towns to 100% clean, renewable
energy for all purposes, MIT Energy Conference 2018, March 2, 2018 (link)

114.Transitioning world energy for all purposes to stable electricity powered by
100% wind, water, and sunlight, 255th American Chemical Society Annual
Meeting, New Orleans, Louisiana, March 18, 2018 (link)

115.Transitioning to clean, renewable energy for all purposes, Medical Society
Consortium on Climate and Health Conference, Arlington, Virginia, April 9, 2018

(link)

116.Transitioning world energy for all purposes to stable electricity powered by
100% wind, water, and sunlight, Inaugural speaker for MS in Energy Systems
Management Program, University of San Francisco, April 16, 2018 (link)

117.Transitioning homes, businesses, towns, cities, states, countries, and the world to
100% clean, renewable energy, Saratoga Rise Club Engineering a Greener World
speaker event, Saratoga High School, Saratoga, California, May 18, 2018 (link)

118.Transitioning homes, cities, states, and countries to 100% clean, renewable
energy for all purposes as fast as possible, Foothill College, Los Altos Hills,
California, May 31, 2018. (link)

119.Transitioning buildings, cities, and countries to 100% clean, renewable energy
for all purposes worldwide, Building Lasting Change 2018 Conference, Canadian
Green Building Council, Toronto, Canada, June 7, 2018 (link)

120.Food and Water Watch telephone press conference on report ranking states on
their renewable portfolio standards, Washington, D.C. July 24, 2018 (connected

remotely) (link)

121.Getting to 100% clean, renewable energy: A roadmap to transition homes, cities,
countries, and the world, Gideon Rosenbluth Memorial Lecture, Economics
Department, University of British Columbia / Canadian Center for Policy
Alternatives, Vancouver, Canada, October 25, 2018 (video)(pptx)

122.Transitioning buildings, cities, states, and countries to 100% clean, renewable
energy for all purposes, People’s Action for Clean Energy, Hartford, Connecticut,
November 8, 2018 (video)



123.Transitioning towns, cities, and countries to 100% clean, renewable energy for
all purposes, 4th International Conference on Smart Energy Systems and 4th
Generation District Heating, Aalborg, Denmark, November 13-14, 2018 (link)

(video)

124.Transitioning buildings, cities, and countries to 100% clean, renewable energy
for all purposes, American Geophysical Union Annual Meeting, Washington DC,
December 10-14, 2018 (link)

125.Press conference on the bailout of nuclear reactors in New York State, with Alec
Baldwin, Greg Jaczko, Mark Cooper, and Joseph Magnano, Radiation and public
health project, April 23, 2019 (link)

126.Why transitioning New York and the U.S. to 100% clean, renewable energy, like
the Green New Deal calls for, saves money, lives, and jobs, Earth Week Expo,
Jamaica, New York, April 27, 2019.

127.Transitioning countries and cities to 100% clean, renewable wind, water, and
solar energy and storage for everything, Solar Canada 2019, Calgary, Canada,
May 8, 2019 (presented remotely) (link)

128.Conversations about landscape: Deal or no (green new) deal, Exploratorium, San
Francisco, California, May 13, 2019 (link)

129.St. Gallen Forum for Management of Renewable Energies, St. Gallen,
Switzerland, May 23, 2019 (link)

130.Transitioning world energy for all purposes to stahle electricity powered by
wind, water, and sun, American Society of Mass Spectrometry, Atlanta Georgia,
June 2, 2019 (video)

131.Transitioning states, countries, cities, towns, and homes to 100% clean,
renewable energy and storage for everything, Green Tech conference, Newburgh,
New York, June 18, 2019 (presented remotely)

132.Transitioning Italy and the World to 100% Clean, Renewable Energy and Storage
for Everything, Bergamo Science Festival, Padua, Italy, October 5, 2019 (video)

133.Transitioning the U.S. and the world to 100% clean, renewable energy and
storage for everything, Democratic 21st Century Club, Mountain View, California,
October 11, 2019

134.Bay Area Home Electrification Expo, San Jose, California, October 12, 2019

135.The present and future of global renewable energy, 2019 Global Showference,
Korea Business News, Seoul, South Korea, October 15, 2019



136.2019 Festival Albertine, New York City, New York, November 8-10, 2019
(video)

137.Transitioning the world to 100% clean, renewable energy and storage for
everything. Mining Watch, Canada, Ottawa, Canada, November 14, 2019
(presented remotely) (slides)

138.Impact of Green New Deal plans on costs, jobs, health, and climate in the United
States and 143 countries, Central Coast Bioneers, San Luis Obispo, California,
February 1, 2020 (presented remotely) (link)

139.Politics, ethics, and economics of decarbonization policy, Rensselaer Polytechnic
Institute, Troy, New York, March 5, 2020 (link)

140.Green New Deal Roadmaps for 143 Countries, Vinci (G. Bazouin) Paris, France,
May 20, 2020 (presented remotely) (video)

141.Green New Deal Roadmaps for 143 Countries, 10th International 100%
renewable energy conference (IRENEC), Istanbul, Turkey, June 4, 2020
(presented remotely) (link)

142.A Green New Deal for the U.S. and World, A Green Future: Race: Gender:
Environment, Online Virtual Workshop by Heidi Hutner and Dennis Yerry, July
14, 2020 (presented remotely) (video)

143.100% clean, renewable energy and storage for everything, Better Path Coalition
webinar, Pennsylvania, July 15, 2020 (presented remotely) (video)

144.100% clean, renewable energy and storage for everything, Our Changing Planet
Series Event, North County Climate Change Alliance, California, August 13, 2020
(presented remotely) (video)

145.Green New Deals to address economic growth and climate change, 1st Global
Emerging Network in Economy Forum, Jeonju, Jeollabuk, South Korea,
September 1, 2020 (presented remotely).

146.Impacts of 100% wind-water-solar roadmaps for cities, states, and countries on
grid stability, costs, jobs, health, and climate, Mobilize California, Sacramento,
California, September 9, 2020 (presented remotely).

147 Impacts of 100% wind-water-solar roadmaps for the United States on grid
stability, costs, jobs, health, and climate, National Renewable Energy Laboratory
(NREL) On Demand Webinar: Wind Workforce Development, September 15,
2020 (presented remotely) (link)

148.Climate Emergency Mobilization Summit, September 25, 2020 (presented
remotely) (link)



149.Data needs for transitioning the world to 100% clean, renewable energy and
storage for everything. Inter-American Development Bank (IADB), September 28,
2020 (presented remotely) (link)

150.Transitioning the world to 100% clean, renewable energy, and how the U.S.
election will affect the transition, Australian National University’s 2020 annual
Solar Oration, Canberra, ACT, November 16, 2020 (presented remotely) (video)

151.Webinar on textbook, 100% Clean, Renewable Energy and Storage for
Everything, Stanford, California (presented remotely) (video)

152.How 100% clean, renewable energy and storage for everything can address
global warming, air pollution, and energy insecurity, 10th Annual Empowering
Capable Climate Communicators (ECCC) virtual symposium, CLEO Institute,
Miami, Florida, November 21, 2020 (presented remotely) (video)

153.Wind energy and how it relates to the 100% renewable energy transition, General
Electric Renewables Coffee Talk, February 19, 2021 (presented remotely).

154.100% clean, renewable energy and storage for everything, Institute for Global
Environmental Strategies (IGES), Hayama, Japan, April 12, 2021 (presented
remotely)

155.Decarbonizing the energy system, European Parliament, Committee on Industry,
Research, and Energy, April 13, 2021 (presented remotely) (link)

156.California Climate Action Summit, Opening remarks to students, CALPIRG,
April 22, 2021 (presented remotely) (link)

157.Night with the experts, Nuclear energy information service (NEIS), April 29,
2021 (presented remotely) (video)

158.100% Renewables for everything, EWG Network, Clubhouse, May 3, 2021
(presented remotely). (presented remotely) (link)

159.Transitioning all world energy for all purposes to 100% Wind-Water-Solar
(WWS) and storage, Energy Oceania Conference, May 8, 2021 (presented

remotely) (link)

160.100% clean, renewable energy and storage for everything, Google Fireside Chat,
Mountain View, California, May 17, 2021 (presented remotely)

161.How city and local governments and individuals can help in the transition to
100% clean, renewable energy, IRENEC2021, Istanbul, Turkey, May 20, 2021
(presented remotely) (video)



162.Why carbon capture and direct air capture cause more damage than good,
Climate Cafes of Aberdeen Climate Action, Aberdeen, Scotland, June 1, 2021
(presented remotely) (video)

163.Transitioning Florida and the U.S. to 100% clean, renewable energy and storage
for everything, Educational Webinar, Environment Florida, June 15, 2021
(presented remotely) (video)

164.Transitioning California, the U.S., and the world to 100% clean, renewable
energy and storage for everything, Climate Reality Project, June 21, 2021
(presented remotely) (video)

165.Can Chile transition to 100% clean, renewable energy and storage for
everything? Chilean Concentrated Solar Power Association, June 24, 2021
(presented remotely) (video)

166.Calgary Climate Hub, August 3, 202121 (presented remotely) (video)

167.100% clean, renewable energy and storage for everything, Get off the Grid,
Chattanooga, Tennessee, August 21, 2021 (link)

168.1How green is blue hydrogen, Clean Energy Group, September 7, 2021 (video)

169.Blue versus gray hydrogen, Equity Research Department, Citigroup, September
9, 2021

170.Transitioning Italy and the world to 100% clean, renewable energy and storage
for everything, 9th SISC Annual Conference on Accelerating Climate Action: A
just transition in a post-Covid era, Societa Italiana per le Scienze del Clima
(SISC), Venice, Italy, September 22, 2021

171.Transitioning Spain and the world to 100% clean, renewable energy and storage
for everything, 2nd International Congress of the Industry for the Ecological
Transition, Pamplona, Navarre, Spain, October 6-7, 2021Transitioning Spain and
the world to 100% clean, renewable energy and storage for everything, 2nd
International Congress of the Industry for the Ecological Transition, Pamplona,
Navarre, Spain, October 6-7, 2021 (video-Password: STCITE-21)

172.Transitioning the World to 100% clean, renewable energy and storage for
everything, 100% renewables is possible, From ambition to reality: Weaving the
threads of net-zero delivery, Regione Emilia-Romagna and CNR, International
Conference, Italy, October 27, 2021

173.The impacts of transitioning the U.S. to 100% Wind-Water-Solar and storage for
everything, National Latino Farmers and Ranchers Trade Association (NLFRTA)
Climate Zoom Meeting, October 29, 2021



174.Transitioning the Republic of Korea and the world to 100% clean, renewable
energy and storage for everything, Asian Pacific Forum on Renewable Energy
(AFORE), Jeju, Republic of Korea, November 1, 2021

175.World Built Environment Forum, RICS, Panel on Beyond net zero 2050-Fossil
fuel free by 2050? November 9, 2021 (link)

176.Transitioning the U.S., Japan, and the world to 100% clean, renewable energy for
all purposes as fast as possible, Renewable Energy Institute, Japan, December 7,

2021 (video)

177 Briefing of Senator Jeff Merkley (Oregon) on blue versus green hydrogen,
Washington, D.C., February 2, 2022 (presented remotely).

178.Briefing of the Montpelier and Hampshire Foundations on the most effective
ways to address the climate problem, London and Connecticut, February 9, 2022
(presented remotely).

179.Briefing of Daikin on how HVAC technologies can contribute to carbon
neutrality, February 11, 2022 (presented remotely).

180.Transforming the world to 100% clean, renewable energy and storage for
everything, 5th Clean Tech Business Club Leadership Forum, Dubai, UAE, March
13, 2022

181.National Emergency Management Association (NEMA) Emergency
Management and Policy Mid-Year Forum, Alexandria, Virginia, March 29, 2022.

182.Transitioning the world to 100% clean, renewable energy and storage for
everything, Oatmeal Club, Bainbridge Island, Washington, March 31, 2022
(presented remotely).

183.Transitioning the world to 100% clean, renewable energy and storage for
everything, Sunnyvale Democratic Party, April 16, 2022 (presented remotely).

(video)

184.A solution to global warming, air pollution, and energy insecurity for Canada and
145 countries, National Earth Day Celebration, Canada Revenue Agency, April 21,
2022 (presented remotely).

185.Transitioning Chile and the world to 100% clean, renewable energy and storage
for everything, 9th Annual Renewable Energy Summit, Chilean Association for
Renewable Energy and Storage (ACERA A.G), May 4, 2022 (presented remotely).

(video)



186.Discussion with Biden Administration National Security Council staff member
Melanie Nakagawa on how to transition Europe away from natural gas, Food and
Water Watch, Sierra Club, May 6, 2022 (presented remotely).

187.Clean energy technology and disinformation, Clean Air Partnership, Bruce Nagy,
May 10, 2022 (presented remotely) (video)

188.A solution to global warming, air pollution, and energy security for 145
countries, 7th Thermal and Fluid Engineering Conference, American Society of
Thermal and Fluids Engineers (ASTFE), Las Vegas, Nevada, May 16, 2022
(presented remotely).

189.Transitioning the U.S. and the world to 100% clean, renewable energy and
storage for everything, Bonneville Power Administration, June 6, 2022 (presented
remotely).

190.A solution to global warming, air pollution, and energy insecurity for California,
all 50 states, and 145 countries, Sequoia Living virtual summit, Bay Area
Communities, California, June 29, 2022, (presented remotely).

191.A solution to global warming, air pollution, and energy security for 145
countries, Carbon Tracker, August 2, 2022 (presented remotely).

192.A conversation with Stanford University Professor Mark Jacobson, Webinar,
Sierra Club Canada, September 28, 2022 (presented remotely) (video)

193.Debate on whether we need miracle technologies, Financial Times, October 19,

2022 (audio)

194.A Transitioning the world to 100% clean, renewable energy and storage for
everything, 8th KAIST Global Strategy Institute International Forum, Seoul,
South Korea, November 11, 2022 (presented remotely) (video)

195.A solution to global warming, air pollution, and energy security for the world,
Vestas, November 22, 2022 (presented remotely)

196.Transitioning Michigan and the world to 100% clean, renewable energy and
storage for everything. Great Lakes Renewable Energy Association Annual Year
End Meeting, December 3, 2022 (presented remotely) (video)

197.Keynote speech, Transitioning Nepal and the world to 100% clean, renewable
energy and storage for everything, Workshop on Research based education for
renewable and sustainable energy development, Nepal, December 6, 2022
(presented remotely)



198.No miracles needed: Low-cost solutions to global warming, air pollution, and
energy insecurity for 145 countries, World Affairs Council, Peninsula Chapter, Los
Altos, California, December 7, 2022 (link)

199.. Distinguished speaker, Transitioning Vietnam and the world to 100% clean,
renewable energy and storage for everything, Energy transition — green life design,
Vin Future Prize Foundation, Hanoi, Vietham, December 17, 2022 (video)

200.Transitioning Pennsylvania and the world to 100% clean, renewable energy and
storage for everything, Climate Reality Project, Pennsylvania Chapters Coalition,
January 19, 2023 (presented remotely) (video)

201.Media interview for Professor Mark Z. Jacobson, Greenpeace Taiwan, January
11, 2023 (presented remotely)

202.Transitioning the U.S. and world entirely to 100% clean, renewable energy and
storage at low cost for all purposes, MIT Alumni for Climate Action webinar,
February 1, 2023 (presented remotely) (video)

203.Should Diablo Canyon be closed? Mothers for Peace, San Luis Obispo,
California February 27, 2023 (presented remotely)

204.Public book reading, “No Miracles Needed,” Books Inc., Palo Alto, California,
March 1, 2023 (in person) (link)

205.No Miracles Needed, Samuel Lawrence Foundation webinar, March 3, 2023
(presented remotely) (video)

206.No Miracles Needed: How today’s technology can save our planet and clean our
air, Pasadena 100: Pasadena League of Women Voters, Sierra Club, NAACP,
Citizens Climate Lobby, Audubon Society California, March 8, 2023 (presented

remotely) (link)

207.Good and bad uses and sources of hydrogen in a transition to 100% clean,
renewable energy and storage for everything, Hydrogen Online Workshop 2023,
March 22, 2023 (presented remotely) (link)

208.Transitioning California and the World to 100% Clean, Renewable Energy and
Storage for Everything, Piedmont Connect and Piedmont League of Women
Voters Climate Speaker Series, April 5, 2023 (presented remotely) (link)

209.Debate on carbon capture, Open to Debate, Intelligence Squared, April 10, 2023
(presented remotely - appeared May 5, 2023) (video)

210.Transitioning Connecticut and the world to 100% clean, renewable energy and
storage for everything, Clean Earth Collaborative, U. Connecticut, April 11, 2023
(presented remotely) (video)



211.No miracles needed: How today's technology can save our climate and clean our
air, European Energy and Climate Policy Chair of the College of Europe’s annual
conference, April 12, 2023 (pre-recorded) (video)

212.Friends of the Earth Board of Directors meeting, April 18, 2023 (presented
remotely)

213.No Miracles Needed: How today’s technology can save our planet and clean our
air, Ontario Climate Emergency Campaign, Ontario, Canada, April 18, 2023
(presented remotely) (video)

214.Why we don’t need a miracle to solve the climate crisis, Food and Water Watch
Earth Day Event, April 19, 2023 (presented remotely) (link)

215.No Miracles Needed: How today’s technology can save our climate, clean our
air, Better Path Coalition and the Pennsylvania Climate Convergent Network,
webinar, April 26, 2023 (presented remotely) (video)

216.No Miracles Needed: How today’s technology can save our climate and clean
our air, Environment America and Explore Booksellers, Aspen, Colorado, May 11,
2023 (presented remotely) (video)

217.Can nuclear energy help meet U.S. climate goals, Congressional briefing on
nuclear power, Samuel Lawrence Foundation, Washington, D.C., June 2, 2023
(presented remotely) (video)

218.Transitioning the U.S. and world to 100% clean, renewable energy and storage
for everything, Jefferies Investment Company, New York, New York, June 28,
2023 (presented remotely)

219.Transitioning the U.S. and the world to 100% clean, renewable energy and
storage for everything, White House Environmental Justice Advisory Council,
Washington D.C., July 27, 2023 (presented remotely)

220.Accelerating the renewable era: Energy solutions for a regenerative planet,
Samuel Lawrence Foundation and Blue Planet Alliance, August 4, 2023 (presented

remotely) (video)
Other Invited Talks at Conferences / Workshops Since 1994

1. Simulating the sensitivity of trace gas concentrations to hydrocarbon emissions.
American Geophysical Union 1994 Fall Meeting, San Francisco, California,
December 5-9, 1994.

2. Application of a sparse-matrix, vectorized Gear-type code (SMVGEAR) in a new
air pollution modeling system, Symposium on Numerical Algorithms for Air
Pollution Models in the Third International Congress on Industrial and Applied
Mathematics (ICIAM), Hamburg, Germany, July 3-7, 1995.



3. Chemical mechanism solver techniques and implementation of mechanism,
Workshop on Modeling Chemistry in Clouds and Mesoscale Models, National
Center for Atmospheric Research, March 6-8, 2000.

4. Development of a global-through-urban scale nested and coupled air pollution and
weather forecast model and application to the SARMAP field campaign, Institute
for Mathematics and its Applications Annual Program, Reactive flow and
Transport Phenomena, U. of Minnesota, March 15-19, 2000.

5. A study of the climate response to natural plus anthropogenic aerosols, Telluride
Atmospheric Chemistry Meeting, Telluride, Colorado, August 7-11, 2000.

6. A study of the mixing state of aerosols and the effect of the mixing state on global
direct forcing, Workshop on Atmospheric Composition, Biogeochemical Cycles
and Climate Change, Aspen Global Change Institute, Aspen, Colorado, August 11-
19, 2000.

7. A global-through-urban scale air pollution, weather forecast model and application
to the SARMAP field campaign, Workshop on Atmospheric Composition,
Biogeochemical Cycles and Climate Change, Aspen Global Change Institute,
Aspen, Colorado, August 11-19, 2000.

8. Control of black carbon, the most effective means of slowing global warming,
International Conference on Computational Science (ICCS), San Francisco,
California, May 28-30, 2001.

9. Control of fossil-fuel particulate black carbon and organic matter, the most
effective method slowing global warming, CIESIN/USEPA//Environment Canada
workshop, Photoxidants, Particles, and Haze across the Arctic and North Atlantic:
Transport, Observations, and Models, Palisades, New York, June 12-15, 2001.

10.Climate change mitigation and aerosols, Climate Change Impacts and Integrated
Assessment Workshop VII, Snowmass, CO, July 30 - Aug. 10, 2001.

11.Controlling current and future diesel emissions and other sources of fossil-fuel
particulate black carbon and organic matter as an effective method of slowing
global warming, Air Pollution as a Climate Forcing Workshop, East-West Center,
Hawaii, April 29-May 3, 2002.

12.Addressing air quality and climate through soot control, Regional Workshop on
Better Air Quality in Asia and Pacific Rim Cities 2002, Hong Kong, December
16-18, 2002.

13.Global warming impact of black carbon, Greenhouse Gas Reduction International
Technology Symposium, California Air Resources Board, Sacramento, California,
March 11-13, 2003.

14.Climate and air pollution effects of gasoline, hybrid, and diesel vehicles (with and
without a trap), Haagen-Smit Symposium, California Air Resources Board, Lake
Arrowhead, California, May 6-9, 2003.

15.Causes of and Solutions to Global Warming, American Enterprise Institute
Conference on Climate Change, Washington D.C., November 19, 2003.



16.Net climate effects of BC and OC 2: Consideration of multiple climatic effects.
Air Quality and Climate Meeting on Black Carbon and Organic Carbon: Science,
Inventory and Mitigation, U.S. EPA Office of Air Quality Planning and Standards
and Office of Atmospheric Programs, Washington, D.C., December 3-4, 2003.

17.The effect of diesel on air pollution and global climate, Workshop on cruise ship
operations, Cruise Terminal Environmental Advisory Committee Meeting, Port of
San Francisco, San Francisco, California, January 23, 2004.

18.Black carbon effects on global warming and regional climate change, American
Association for the Advancement of Science (AAAS) Annual Meeting, Seattle,
Washington, February 12-16, 2004.

19.Numerical methods for treating size-resolved SOA formation and evolution
among multiple size distributions in atmospheric models, Organic Speciation in
Atmospheric Aerosol Research, Las Vegas, Nevada, April 5-7, 2004.

20.Black Carbon Effects on Climate with Different Emissions and Model Treatments,
Aerosol Black Carbon and Climate Change: Emissions Workshop, San Diego,
California, October 13-14, 2004.

21.The effect of particles on global and California climate, Interncontinental
Transport and Climate Effects of Air Pollutants Workshop, Chapel Hill, NC,
October 21-22, 2004.

22.The effects of aerosols on California climate, MODIS Science Team Meeting,
Baltimore, Maryland, March 22-24, 2005.

23.Regional effect of aerosols on winds, precipitation, and climate, 8th International
conference of the Israel Society of Ecology and Environmental Quality Sciences,
Weizmann Institute of Science, Rehovot, Israel, May 30-June 1, 2005.

24.Global windpower and its potential effect on the hydrogen economy, 8th
International conference of the Israel Society of Ecology and Environmental
Quality Sciences, Weizmann Institute of Science, Rehovot, Israel, May 30-June 1,
2005.

25.Role of aerosols in regional climate: A research frontier, Second Annual Climate
Change Research Conference, California Energy Commission and First Scientific
Conference, West Coast Governor's Global Warming Initiative, Sacramento,
California, Sept. 14-16, 2005.

26.Apollo Project for Wind Energy and Wind-Hydrogen, J.P. Morgan Public Power
and Gas Conference, New York, May 11-12, 2005.

27.The effects of aerosols on wind speed, temperatures, and water supply in
California, Atmospheric Chemistry Workshop, Telluride, Colorado, July 30-
August 6, 2006.

28.Numerical study of the effects of aerosols and irrigation on snow, rain, and
regional climate in California, California Energy Commission, Sept. 13-15, 2006.



29.Effects of future emissions and a changed climate on urban air quality,
Environmental Protection Agency, Research Triangle Park, NC, February 20-22,
2007.

30.Effects of black carbon on climate. Symposium on protecting health and slowing
global warming through reductions in non-Kyoto pollutants, Sacramento,
California, March 29, 2007.

31.The Macro Perspective of Wind Power in the USA, From Local to Global: The
Rhode Island Model for Harnessing Wind Power Worldwide, Roger Williams
University School of Architecture, Art and Historic Preservation, April 19-20,
2007.

32.Comparing wind and other energy sources for addressing climate and air
pollution, From Local to Global: The Rhode Island Model for Harnessing Wind
Power Worldwide, Roger Williams University School of Architecture, Art and
Historic Preservation, April 19-20, 2007.

33.Wind and rainfall reduction by aerosol particles, Aerosols - properties, processes,
climate, Agapi Beach, Crete, April 22-24, 2007.

34.Potential of the wind energy sector, The Haagen-Smit Symposium, Aptos,
California, May 14-17, 2007.

35.Extreme global warming and local cooling due to aerosol particles, American
Geophysical Union Spring Joint Assembly, Acapulco, Mexico, May 22-25, 2007.

36.Comparative effects of vehicle fuels and technologies on air pollution and climate,
Controlling Global Warming and Local Air Pollution - South Coast Air Quality
Management District Technical Forum, Diamond Bar, California, June 28, 2007.

37.Effects of black carbon and other non-Kyoto pollutants on climate, Meeting of the
California Air Resources Board Economic and Technology Advancement
Advisory Committee (ETAAC), Bechtel Conference Center, Stanford University,
September 7, 2007.

38.Energy solutions to air pollution and climate change in California (coauthors, M.
Dvorak, C.L. Archer, and G. Hoste), Fourth Annual California Climate Change
Conference, California Energy Commission, Sacramento, California, Sept. 10-13,
2007.

39.Effects of future emissions and a changed climate on urban air quality, Impacts of
Climate Change on Air Quality in the Pacific Southwest, Environmental
Protection Agency, San Francisco, California, October 11, 2007.

40.Examination of proposed strategies for addressing global warming and air
pollution. Forum on Alternative Fuels for the Transportation Sector, California
State Bar Association, Yosemite, California, Oct. 19-21, 2007.

41.Comparative effects of vehicle technologies and fuels on climate and air pollution.
On the Road to Bali: Strengthening the Transatlantic Climate Cooperation,
German Academic Exchange Service (DAAD) and the Heinrich Boell Foundation,
San Francisco, California, Nov. 16, 2007.



42.The effects on health and climate of ethanol versus other vehicle technologies and
fuels, Institute of Medicine’s Roundtable on Environmental Health, Sciences,
Research, and Medicine workshop on Environmental Health, Energy, and
Transportation: Bringing Health to the Fuel Mixture, National Academies
Auditorium, Washington, D.C., Nov. 30, 2007.

43.A solution to the problem of nonequilibrium acid/base gas-particle transfer at long
time step. International Aerosol Modeling Algorithms (IAMA) Conference, Davis,
California, Dec. 6, 2007.

44.Comparative effects of ethanol (E85), gasoline, and wind-powered electric
vehicles on cancer, mortality, climate-relevant emissions, and land requirements in
the United States, American Geophysical Union Fall Meeting, San Francisco,
California, Dec. 10-14, 2007.

45.Energy and Climate Change Symposium — “The Road to Renewables,” Australian
Government Department of Foreign Affairs and Trade, Los Angeles, California,
Jan. 18, 2008.

46.Examining the effects of aircraft emissions on contrails and global climate,
FAA/PARTNER Meeting, Ottawa, Canada, Mar. 25-26, 2008.

47 Effects of local versus global carbon dioxide emissions on local air quality and
health, Environmental Protection Agency Division 9 symposium, Stanford
University, Stanford, California, May 6, 2008.

48.The effects of ethanol vehicles on air quality and health, Frontiers Meeting on the
Co-Benefits of Climate Change Mitigation, Wellcome Trust, London, May 27,
2008 (connected remotely).

49.Air pollution effects of and a comparison of energy solutions to global warming,
Critical Review panel, Air & Waste Management Association Annual Meeting,
Portland, Oregon, June 25, 2008.

50.Examining the effects of aircraft emissions on contrails and global climate,
FAA/PARTNER Meeting, Chicago, Illinois, Oct. 22-23, 2008.

51.Evaluation of proposed solutions to global warming, air pollution, and energy
security, Session on Environmental Consequences of the Changing Global Food
System, American Geophysical Union Fall Meeting, San Francisco, California,
Dec. 15-19, 2008.

52.Examining effects of black carbon on climate and how to mitigate them through
different transportation options, International Council on Clean Transportation,
London, UK, Jan. 5-6, 2009.

53.Examining the effects of aircraft emissions on contrails and global climate,
FAA/PARTNER Meeting, Palm Springs, California, Feb. 26-27, 2008.

54.Effects of hydrogen on climate and ozone, Department of Energy, Washington,
DC, May 19, 20009.



55.Quantifying the effects of aircraft on climate with a model that treats the subgrid
evolution of contrails from all commercial flights worldwide, Aviation Emissions
Characterization Roadmap Meeting, Washington, DC, June 9, 2009.

56.Review of energy solutions to global warming, air pollution, and energy security,
Microsoft Research Workshop, Redmond, Washington, July 13, 2009.

57.The comparative effects of fossil fuel soot, biofuel soot, and gasses, and methane

on regional and global climate, Arctic ice, and human health, 6! Annual PIER
Climate Change Conference, California Energy Commission, Sacramento,
California, Sept. 9, 2009.

58.Solutions to global warming, air pollution, energy security, The true costs of coal:
Health solutions for the low carbon economy, Washington DC, October 15-16,
2009.

59.Assessing the impact of aviation on climate, FAA/PARTNER Meeting, Atlanta,
Georgia, Oct. 22, 2009.

60.Effects of soot on climate, National Association of Clean Air Agencies, Internet
conference, November 17, 2009.

61.Development and application of algorithms that simulate the evolution of subgrid
contrails from individual aircraft to quantify the global climate effects all
commercial aviation, (Jacobson, M.Z., J.T. Wilkerson, A.D. Naiman, S.K. Lele),
International Aerosol Modeling Algorithms (IAMA) Conference, Davis,
California, Dec. 9-11, 2009.

62.Relative effects of fossil-fuel soot, biofuel soot and gases, and methane on
climate, Arctic ice, and air pollution health, American Geophysical Union, Fall
Meeting, San Francisco, California, Dec. 14-18, 2009.

63.Relative effects of fossil-fuel soot, biofuel soot and gases, and methane on
climate, Arctic ice, and air pollution health, Environmental Protection Agency
Short-Lived Climate Forcing agent workshop, Chapel Hill, North Carolina, March
3, 2010.

64.Presentation in Brussels at EEAC Energy Working Group: Scenarios and policies
for decarbonization, Brussels, Belgium, March 22, 2010.

65.Assessing the impact of aviation on climate, FAA/PARTNER Meeting, Chapel
Hill, North Carolina (Internet presentation), March 24, 2010.

66.The enhancement of local air pollution by urban CO2 domes, National
Association of Clean Air Agencies, Internet conference, May 12, 2010.

67.A plan for a sustainable future using wind, water, and sun, 7th California Wind
Energy Collaborative Forum, Davis, California, June 7, 2010.

68.A plan for a sustainable future using wind, water, and sun, High-altitude wind
conference, Stanford University, September 28, 2010.

69.Effects of black carbon and CO2 domes on climate and air quality, EPA STAR
Meeting, Research Triangle Park, North Carolina, October 4, 2010.



70.Assessing the impact of aviation on climate, FAA/PARTNER Meeting,
Massachusetts Institute of Technology, Boston, October 19-21, 2010.

71.Effects of aircraft on climate and atmospheric composition, ACCRI Meeting,
Atlanta, Georgia, November 15-17, 2010.

72.Grid integration challenges for 100% conversion to wind, water, and sun, Grid
Integration of Renewable Energy Workshop, Stanford University, Jan. 13, 2011.

73.Dark Aerosol Particle Contributions to Global Warming and Air Pollution
Mortality, 3rd Symposium on Aerosol-Cloud-Climate Interactions Symposia, 13th
Conference on Atmospheric Chemistry, American Meteorological Society, January
23-27, 2011, Seattle, Washington.

74.Quantifying the effects of aircraft on surface air quality and climate with a model
that treats the subgrid evolution of contrails from all commercial flights
worldwide (Jacobson, M.Z., D. Whitt, A.D. Naiman, S.K. Lele), FAA-ACCRI
Meeting, Atlanta, Georgia, February 22-24, 2011.

75.National Institute of Standards and Technology (NIST), Aerosol Meteorology for
Climate Workshop, Gaithersburg, Maryland, March 16, 2012.

76.Coupling cloud and aerosol microphysical processes in a nested climate-weather-
air pollution model and its implications for the cloud and climate effects of black
carbon, European Geosciences Union, General Assembly, 2011, Vienna, Austria,
April 3-8, 2011.

77.Assessing the impact of aviation on climate, FAA/PARTNER Meeting,
Washington, D.C., April 12-14, 2011.

78.Powering the world on wind, water, and sun, National Migration Strategies to
100% Renewable Electricity, GreenPower Conferences, London, United
Kingdom, June 29, 2011 (connected remotely).

79.Powering the world on wind, water, and sun, Triple Helix IX International
Conference, Stanford University, July 12, 2011.

80.Aerosol particle contribution to global warming and air pollution mortality,
Session on Atmospheric aerosols: chemistry, clouds and climate, Division of
Environmental Chemistry, 242nd American Chemical Society Annual Meeting,
Denver, Colorado, Aug. 28-Sept. 1, 2011.

81.The enhancement of local air pollution by urban carbon dioxide domes, Session
on urban greenhouse gas emissions, short-lived climate forcers, and public health,
242nd American Chemical Society Annual Meeting, Denver, Colorado, Aug. 28-
Sept. 1, 2011.

82.A plan for powering the world with wind, water, and sun, Department of Energy
Efficiency and Renewables Advisory Committee (ERAC) Electricity
subcommittee meeting, San Mateo, California, September 22, 2011.



83.A plan for powering the world for all purposes with wind, water, and sunlight, The
Bottom Line on Climate Change: Transitioning to Renewable Energy, Schwartz
Center for Economic Policy Analysis, The New School, New York City,
September 24, 2011. (connected remotely)

84.Assessing the impact of aviation on climate, FAA/PARTNER Meeting,
Washington, D.C., October 11, 2011.

85.A plan for powering the world with wind, water, and sun, Managing uncertainty:
Integrating intermittent renewable energy into the power grid, Resnick Institute
Workshop, California Institute of Technology, Pasadena, California, October 12,
2011.

86.Atmospheric effects of proposed solutions to climate change and air pollution,
California Air Pollution Control Officer Association’s (CAPCOA’s) Climate
Change Forum, San Diego, California, November 9-10, 2011.

87.A plan for powering the world for all purposes with wind, water, and sunlight,
American Geophysical Union Fall Meeting, Session GC54, Climate Change:
Challenges and Solutions, San Francisco, California, Dec. 5-9, 2011.

88.Studying the effects of aircraft exhaust on global and regional climate and
atmospheric composition, FAA ACCRI meeting, Arlington, Virginia, December
13-15, 2012.

89.A plan for a sustainable future using wind, water, and the sun, The Future of
Energy: A power Struggle, One World Forum, 2012, University of Warwick, UK,
January 23, 2012. (connected remotely)

90.Examining the effects of aircraft emissions on contrails and global climate,
FAA/PARTNER Meeting, Washington, D.C., March 27, 2012 (connected
remotely).

91.Powering the world for all purposes with wind, water, and sunlight, Tri-agency
(NSF, NASA, NOAA) climate-related education (CEE) programs PI meeting,
Arlington, Virginia, April 20, 2012.

92.A plan for powering the world for all purposes with wind, water, and sunlight,
World Renewable Energy Council (WREC) World Renewable Energy Forum
2012, Denver, Colorado, May 14, 2012.

93.World saturation wind potential and its implications for a sustainable future
relying on wind, water, and sunlight producing electricity and electrolytic
hydrogen, World Renewable Energy Council (WREC) World Renewable Energy
Forum 2012, Denver, Colorado, May 14, 2012.



94.Testimony at Hearing in front of California Air Resources Board Chairman and
Executive Officers on black carbon and methane, Sacramento, California, May 24,

2012. (link)

95.Saturation wind potential and its implications for wind energy (C.L. Archer,
coauthor), American Wind Energy Conference (AWEC), Hampton, Virginia,
September 11-12, 2012 (connected remotely). (link)

96.Powering the world, U.S., and New York with wind, water, and sunlight (with
Mark A. Ruffalo and Marco Krapels), The Nantucket Project, Nantucket,
Massachusetts, October 6, 2012. (link) (video)

97.Assessing climate impacts of aviation, FAA/PARTNER meeting, Arlington,
Virginia, October 17, 2012.

98.Pushing the envelope with numerical modeling, Workshop on Integrated
Meteorology and Chemistry Modeling, U.S. EPA, Research Triangle Park, NC,
October 18, 2012 (connected remotely).

99.Planning for a sustainable future with wind, water, and the sun, Bond Buyer’s
22nd Annual California Public Finance Conference, San Francisco, California,
October 18, 2012. (link)

100.Effects of black and brown carbon on clouds and climate, EPA Region 9
Symposium on black carbon, San Francisco, California, November 14, 2012._

(link)

101.How to repower the state of New York with wind, water, and sunlight, National
Resources Defense Council, New York City, New York, November 17, 2012.

102.Short-term impacts on climate and air pollution of exhaust from all commercial
aircraft worldwide treated at the subgrid scale, Jacobson, M.Z., M.A. Cameron,
J.T. Wilkerson, A.D. Naiman, and S.K. Lele, ACCRI Symposium, Virginia Beach,
Virginia, November 27-29, 2012._(link)

103.The effects of rerouting aircraft around the Arctic Circle on Arctic and global
climate, Jacobson, M.Z., J.T. Wilkerson, S. Balasubramanian, W.W. Cooper, Jr.,
and N. Mohleji, ACCRI Symposium, Virginia Beach, Virginia, November 27-29,
2012. (link)

104.Taming hurricanes with arrays of offshore wind turbines, Wind energy
symposium, University of Delaware, Newark, Delaware, February 27, 2013._(link)

105.Carbon dioxide domes, effects of cross-polar flights, and taming hurricanes with
offshore wind, International opportunities in the weather and climate enterprise,
American Meteorological Society Washington Forum, Washington, D.C., April 3,
2013.



106.Powering individual states, countries, and the world with WWS, Pathways to
100% Renewable Energy, Renewables100 Policy Institute, San Francisco,
California, April 16, 2013._(link)

107.. Powering New York State with Wind, Water, and Sunlight for all purposes,
Mount Kisco Public Library, Mount Kisco, New York, May 13, 2013 (connected

remotely) (link)

108.Effects of aviation on surface air quality, Aviation Emissions Characterization
Roadmap, 11th Meeting of Primary Contributors, Washington, DC, May 14, 2013
(connected remotely).

109.Effects of aviation on global climate, Aviation Emissions Characterization
Roadmap, 11th Meeting of Primary Contributors, Washington, DC, May 14, 2013
(connected remotely).

110.Powering individual states and the world with wind, water, and sunlight,
Increasing value through thermal energy storage, CSP Today, Las Vegas, Nevada,
June 26-27, 2013. (link)

111.Roadmaps for powering the world, U.S., and individual states for all purposes
with wind, water, and sunlight, 2013 Gordon Research Conference on
Atmospheric Chemistry, Mt. Snow, Vermont, July 29, 2013 (link)

112.Assessing the impact of aviation on climate, FAA/PARTNER Meeting, Fairfax,
Virginia, October 16, 2013 (presented remotely).

113.The natural gas goldrush and the future of renewables, Net Impacts Conference,
San Jose, California, October 24-26, 2013.

114.Powering the states, the U.S., and world for all purposes with wind, water, and
sunlight, Business for Social Responsibility (BSR) Debate: What does a Low-
Carbon Energy Economy Look Like? San Francisco, California, November 6,

2013. (link)

115.Powering states and the U.S. with wind, water, and sunlight, California
Democratic Party Executive Board Meeting, Environmental Caucus, San
Francisco, California, November 23, 2013.

116.Roadmaps for powering the world, U.S., and individual states for all purposes
with wind, water, and sunlight, U015. Water, Energy, and Food Security in a
Changing World: Finding Solutions Through Integration of Physical and Social
Sciences, American Geophysical Union Fall Meeting, San Francisco, California,
December 9-13, 2013.

117.Taming hurricanes with arrays of offshore wind turbines that simultaneously
reduce global warming and air pollution and provide normal electric power,



GCO028. Climate Change Adaptation and Mitigation, American Geophysical Union
Fall Meeting, San Francisco, California, December 9-13, 2013.

118.Roadmaps for Converting California and the other 49 States to Wind, Water, and
Solar (WWS) for all purposes, Solar Circle, Oakland, California, January 30,
2014.

119.Can we run the world’s energy on windpower? American Association for the
Advancement of Science (AAAS), Chicago, Illinois, February 13-17, 2014._(link)

120.Powering countries, states, and the world with wind, water, and sunlight, TEDx,
Palo Alto, California, February 24, 2014 _(video)

121.Assessing the impact of aviation on climate, FAA/PARTNER Meeting,
Alexandria, Virginia, March 11, 2014 (presented remotely).

122.Plans to change the energy infrastructure of the 50 United States, Factory, San
Francisco, California, March 12, 2014.

123.Powering the world with wind, water, and sunlight, Progressive Democrats of
America, March 19, 2014 (presented remotely). (link)

124.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, Climate justice conference of solutions, Wesleyan University, April
12, 2014, Webinar (presented remotely)._(link)

125.The effects of cross-polar flights on Arctic black carbon and climate, The
Atmosphere Collaboration Team of the Interagency Arctic Research and Policy
Committee (IARPC), Black Carbon Webinar II: Arctic Black Carbon Science
Activities, April 18, 2014, Webinar (presented remotely). (link)

126.Roadmaps for transitioning U.S. states to wind, water, and solar power for all
purposes, American Wind Energy Association Windpower 2014 conference, Las
Vegas, Nevada, May 8, 2014.

127.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, Public pension fund investments and renewable energy forum
opportunities and challenges, Oregon Office of the State Treasurer, Pegasus
Capital, and R20 Regions of Climate Action, Portland State University, June 5,

2014. (link)

128.Effects of aircraft on atmospheric composition and contrails in 2050, AEC
Roadmap, Washington, D.C., June 23, 2014 (presented remotely).

129.White roofs versus changing the energy infrastructure for solving climate and air
pollution problems, Asphalt Roofing Association, August 19, 2014 (presented
remotely).



130.Mega urban changes and impacts in the decade of the 2000s, NASA land cover
land use change webinar, October, 7 2014 (Nghiem, S.V., M.Z. Jacobson et al.,
presented by Son Nghiem)

131.Studying the effects of aircraft exhaust on global and regional climate, ASCENT
Aviation Sustainability Center Advisory Meeting, Alexandria, Virginia, October
14, 2014 (presented remotely).

132.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, Interfaith Power and Light webinar, October 23, 2014 (presented
remotely).

133.Roadmaps for transitioning Pennsylvania and all 50 U.S. states to wind, water,
and solar power for all purposes, Pennsylvanians against fracking, December 3,
2014 (presented remotely). (link)

134.Addressing global warming, air pollution, energy security, and jobs with
roadmaps for changing the all-purpose energy infrastructure of the 50 United
States, American Geophysical Union Fall Meeting, San Francisco, California,
December 15-19, 2014.

135.Effects of aircraft on atmospheric composition and climate, FAA AEC Roadmap,
Washington, D.C., January 29, 2015 (presented remotely).

136.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, North Jersey Public Policy Network, Fairleigh Dickinson University,
Hackensack, New Jersey, February 19, 2015 (presented remotely)_(link).

137.Roadmaps for transitioning states and countries to 100% wind, water, and solar
power for all purposes, Global innovation summit, Stanford, California, February
20, 2015.

138.Coupling wind and solar energy systems with feedback to a coupled air
pollution, weather, climate, and ocean model, GATOR-GCMOM. CCMM
Symposium, World Meteorological Organization, Geneva, February 23-25, 2015
(presented remotely)_(link).

139.Studying the effects of aircraft exhaust on global and regional climate, ASCENT
Aviation Sustainability Center Advisory Meeting, Alexandria, Virginia, March 10,
2015 (presented remotely).

140.Roadmaps for transitioning states and countries to 100% wind, water, and solar
power for all purposes, Zero net energy, San Jose, California, April 23, 2015_(link)

141.Climate justice leadership conference, University of the District of Columbia,
Washington, D.C., May 9, 2015 (presented remotely) (link)



142.Transitioning Canada to 100% wind, water, and solar power for all purposes,
Renewable cities conference, Vancouver, British Columbia, May 14, 2015_(link)

143.Surface air quality from cruise emissions, FAA AEC Roadmap, Washington,
D.C., May 19, 2015 (presented remotely).

144.Commercial and future (2050) contrail impact under efficiency improvements
and alternative fuel usage goals, FAA AEC Roadmap, Washington, D.C., May 19,
2015 (presented remotely).

145.Feasibility and implications of moving to a 100% renewable electrical power
system in New York and the United States, IBM Research, New York, June 17,

2015 _(link)

146.Studying the effects of aircraft exhaust on global and regional climate, ASCENT
Aviation Sustainability Center Advisory Meeting, Seattle, Washington, October
14, 2015

147 .Powering China, the United States, and 139 countries with 100% wind, water,
and solar (WWS) power for all purposes, Energy transformation roundtable
discussion, Beijing, China, November 2, 2015 (connected remotely)

148.Black carbon policy briefing: Short-lived climate pollutants, Center for energy
efficiency and renewable technologies, Sacramento, California, November 17,
2015 (presented remotely)

149.Talk on 139 country and 50 state plans, Climate Action, Aubervilliers, France,
December 5, 2015 (video)

150.100% WWS plans for countries and states, E2 side event, Grand Palais, Paris,
France, December 6, 2015 (schedule)

151.100% WWS plans for countries and states, Superpublic, Paris, France, December
7,2015

152.100% clean, renewable wind, water, and solar roadmaps for 139 countries of the
world, American Geophysical Union Fall Meeting, San Francisco, California,
December 14-18, 2015 (link)

153.The Solutions Project: Educating the public and policy makers about solutions to
global warming, air pollution, and energy security, American Geophysical Union
Fall Meeting, San Francisco, California, December 14-18, 2015 (link)

154.100% Wind, water, solar all-sector energy roadmaps for the 50 States and 139
countries, 100% Renewable Energy NGO Network, January 28, 2016 (presented

remotely) (link)



155.Paris and onward, Nuclear Information and Resource Service (NIRS) briefing,
February 2, 2016 (presented remotely) (link)

156.0ffshore wind for New York City, New York, New York, February 19, 2016
(presented remotely) (link)

157 .Webinar Canadian 100% renewable energy groups, March 23, 2016 (presented
remotely)

158.100% wind, water, solar all-sector energy roadmaps for Denton, all 50 states, and
139 countries, 100% Renewable Denton town hall meeting, Denton, Texas, March
25, 2016 (presented remotely) (link)

159.1s 100% clean energy plausible. Environment America conference call and
discussion, March 30, 2016 (presented remotely) (link)

160.Community- and city-scale options for transforming energy to 100% wind,
water, and solar. Eastern Regional Climate Preparedness Conference, Antioch
University/Environmental Protection Agency, Baltimore, Maryland April 5, 2016_

(link)

161.Roadmaps for transitioning all 50 United States and 139 countries to wind,
water, and solar power for all purposes, Wood Institute retreat, Aptos, California,
April 9, 2016.

162.Telephone presentation and press conference on Michigan groups call for 100%
renewable energy, Michigan Climate Action Network, May 9, 2016 (presented
remotely).

163.Integrated energy policy report workshop: Emerging technologies and
approaches, California Energy Commission, Sacramento, California, May 25,
2016 (presented remotely) (link)

164.Transitioning, cities, states, and countries to 100% wind, water, and solar power
for all purposes, North American dialogue on 100% renewable energy in cities,
San Francisco, California, July 11, 2016 _(link)

165.Transitioning to 100% clean, renewable energy, Documentary premiere, “Time
to Choose,” Aquarius Theater, Palo Alto, California, July 13, 2016.

166.Can California get to 100 percent clean power, Climate 1, Commonwealth Club,
San Francisco, California, August 23, 2016_(podcast)

167.What does it take to power California and the world with 100% clean, renewable
energy, Interfaith Power and Light, Los Altos Hills, California, August 28, 2016.

168.Roadmaps for transitioning countries, states, and cities to 100% wind, water, and
solar for all purposes, Clif Bar, Emeryville, California, September 14, 2016.



169.Transforming China and the 139 countries to 100% clean, renewable energy for
all purposes, Energy System Transformation Workshop, Beijing, China, October
20, 2016 (presented remotely).

170.Transitioning 50 states and 139 countries to 100% clean, renewable energy for
all purposes, Dallas Sierra Club, October 23, 2016 (presented remotely)_(link)

171.The extent to which different 100% clean, renewable energy transition scenarios
can reduce world carbon dioxide levels to 350-400 ppmv by 2100, Session
ED12A-08, Climate Change Science and Solutions, American Geophysical Union
Fall Meeting, San Francisco, California, December 12, 2016.

172.1s this the only hope for reversing global warming? Transitioning each country’
all-purpose energy to 100% wind, water, and solar, Session U008, Earth’s Future:
The food-water-energy nexus, American Geophysical Union Fall Meeting, San
Francisco, California, December 12-16, 2016. (video)

173.How to provide a 100% reliable grid with clean, renewable wind, water, and
solar providing 100% of all raw energy for all purposes, Session U51A-03,
Getting Near Zero: Decarbonizing the Last 20% of Energy-Sector CO2 Emissions,
American Geophysical Union Fall Meeting, San Francisco, California, December

16, 2016. (presentation)

174.Transitioning cities, states, and countries to 100% clean, renewable energy for all
purposes, Northern Texas-Northern Louisiana Synod-ELCA, Denton, Texas,
February 25, 2017 (connected remotely).

175.Motivating change, UCSC Fourth Annual Climate Science and Policy Workshop,
Santa Cruz, California, February 25, 2017.

176.Repowering cities, states, and countries with 100% clean, renewable energy,
Silicon Valley Leadership Group, Charge Point, Campbell, California, March 24,
2017.

177 .Transitioning states and countries to 100% clean, renewable energy for all
purposes, Channing House, Palo Alto, California, April 5, 2017.

178.Transitioning cities, states, and countries to 100% clean, renewable energy for all
purposes, CLEAN Network, May 2, 2017 (connected remotely).

179.Powering countries with 100% wind, water, and solar for all energy sectors to
address climate, air pollution, and jobs, 100% Renewables workshop, Berlin,
Germany, May 12, 2017 (connected remotely).

180.Combating air pollution and global warming with 100% wind, water, and solar
plus storage and transmission for all energy sectors, ASAA14, Strasbourg, France,
May 29, 2017 (presented remotely).



181.Transitioning to clean, renewable energy in the absence of federal policy,
National emergency strategy call, Justice Action Mobilization Network and North
Carolina Solutions Coalition, June 1, 2017 (presented remotely).

182.Grid Stability with 100% Wind, Water, Solar For All Purposes Throughout the
World, Intersolar North America, San Francisco, California, July 10, 2017.

183.Powering the world with 100% clean, renewable energy. Choosing to avoid
dangerous climate change: Sorting through the options, Wisconsin Energy
Institute, Sept. 14, 2017 (presented remotely).

184.Jacobson, M.Z., S.V. Nghiem, and A. Sorichetta, Transient impacts of the mega-
urbanizations of New Delhi and Los Angeles, Planning meeting to study land use
change in Vietnam, Cambodia, and Laos, Hanoi, Vietnam, May 8, 2018 (presented
remotely).

185.Powering cities, states, countries, and the world with 100% clean, renewable
energy, Rotary Club, Cupertino, California, May 9, 2018. (video)

186.Powering, towns, cities, states, countries, and the world with 100% clean,
renewable energy for all purposes, John Muir Series, East Bay Chapter of the
Sierra Club, Berkeley Yacht Club, Berkeley, California, May 24, 2018. (video)

187.How to save the world in a hurry, Science for Peace, Toronto, Canada, May 30,

2018. (link)

188.Transitioning buildings, cities, and countries to 100% clean, renewable energy
for all purposes, Vi Palo Alto, September 10, 2018.

189.Transitioning buildings, cities, states, and countries to 100% clean, renewable
energy for all purposes, Transatlantic dialogues on digitalization and
transformation, Delegation from Baden-Wurttemberg, Germany, Santa Clara,
California, September 18, 2018.

190.Transitioning buildings, towns, cities, states, and countries to 100% clean,
renewable energy for all purposes, Rockefeller Foundation, Bellagio, Italy,
October 3, 2018 (remote presentation).

191.National organizing strategy call on the recent IPCC report, Justice Action
Mobilization Network, September 18, 2018 (remote presentation).

192.Transitioning buildings, towns, cities, states, and countries to 100% clean,
renewable energy for all purposes, City of Cupertino Sustainability Forum,
October 18, 2018 (video)

193.Talk to British Columbia Energy Minister of the Environment and Climate
Change Strategy, the Honourable George Heyman and Deputy Minister Bobby



Plecas on transitioning British Columbia to 100% clean, renewable energy,
November 9, 2018

194.Short-term impacts of the mega-urbanizations of New Delhi and Los Angeles
between 2000 and 2009, Jacobson, M.Z., S.V. Nghiem, A. Sorichetta, Hanoi,
Vietnam, February 20-21, 2019 (presented remotely)

195.Bio(gas) hazards: Dirty air, factory farms, and climate change, Food and Water
Watch webinar, May 15, 2019 (video)

196.Nuclear versus renewables, Nuclear energy information camp, Dobein, Germany,
August 16, 2019 (presented remotely)

197.14th conference on sustainable development of energy, water, and environmental
systems (SDEWES), Dubrovnik, Croatia, October 2, 2019 (presented remotely by
tape) (video, starting at 19:00)

198.Impacts of Green-New-Deal Energy Plans on Grid Stability, Costs, Jobs, Health,
and Climate in 143 Countries (Jacobson, M.Z., M.A. Delucchi, M.A. Cameron,
S.J. Coughlin, C. Hay, I.P. Manogaran, Y. Shu, and A.-K. von Krauland),
American Geophysical Union Fall, San Francisco, California, December 9-13,
2019

199.10 Years Since ‘A Plan for a Sustainable Future:” How Public Education About it
Paved the Way to 100% Clean, Renewable Energy Laws and Commitments by
States, Cities, Businesses, and Countries and to the Green New Deal, American
Geophysical Union Fall, San Francisco, California, December 9-13, 2019

200.1Transitioning the world to 100% clean, renewable energy and storage for
everything. 1st World CleanTech week eConvention, April 21, 2020 (video)

201.Impacts of 100% clean, renewable Green New Deal roadmaps on costs, jobs,
health, and climate in 143 countries, Leonardo Art Science Evenings (LASERS),
June 10, 2020 (presented remotely) (video)

202.Global 100% renewable energy strategy group webinar, Feb. 9, 2021 (presented
remotely) (video)

203.100% clean, renewable energy and storage for everything, L.eonardo Energy
webinar, Feb. 24, 2021 (presented remotely) (video)

204.Soul Café, Columbia Baptist Church, April 28, 2021 (presented remotely)
(video)

205.Interview with Stacy Clark on the history of the renewable energy transition,
June 16, 2021 (presented remotely) (video)



206.Getting Florida to 100% renewables, Roundtable discussion, Sierra Club,
Pinellas County, Florida, June 29, 2021 (presented remotely) (video)

207.Steingraber and Jacobson on carbon capture and storage, with Dr. Sandra
Steingraber, Better Path, August 11, 2021 (presented remotely) (video)

208.Transitioning Tennessee and other states to 100% clean, renewable energy and
storage for everything, Workshop talk, Get off the Grid, Chattanooga, Tennessee,
August 21, 2021

209.How green is blue hydrogen, with Robert Howarth, Environmental Action
Germany (Deutsche Umwelthilfe), September 16, 2021 (video)

210.Carbon capture, direct air capture, and blue hydrogen, Science and
Environmental Health Network, September 17, 2021 (video)

211.How to transition shipping and aircraft to 100% renewable, Pacific Environment,
Los Altos, California, November 18, 2021.

212.Can we solve global warming in time, Mette Spencer, December 1, 2021
(presented remotely) (video)

213.Roundtable for world hydrogen leaders, Renewables 100 Policy Institute, Diana
Moss, December 14, 2021 (presented remotely).

214.Transitioning California and the world to 100% clean, renewable energy,
Promise to our planet, Acterra, March 22, 2022 (presented remotely). (video)

215.Investing in green infrastructure — Building a better future, Economist
Sustainability Week panel, Washington, D.C., June 6-9, 2022 (presented remotely)

(link)

216.Uniting states, for 100% renewable energy, Environment America webinar,
September 21, 2022, (presented remotely) (video)

217.What works and what doesn’t work in climate mitigation, Energy Watch Group
webinar, September 26, 2022 (presented remotely) (video)

218.Webinar on carbon capture, Eco Justice Collaborative, Champaign, Illinois,
November 15, 2022 (presented remotely) (video)

219.Why SMRs are not a fix for climate change, Institute for Energy Economics and
Financial Analysis (IEEFA) Webinar, January 23, 2023 (presented remotely)

(video)

220.Blue hydrogen: What you need to know, Environmental Health Project Webinar,
January 25, 2023 (presented remotely) (video)



221.Climate Capital Live 2023: From Words to Action, Financial Times, March 16,

2023 (presented remotely) (link)

222.Symposium on the decisive role of shareholders in big oil in the climate crisis,

Follow This, April 19, 2023 (presented remotely) (video)

223.No Miracles Needed: How we can transition the world to 100% wind-water-solar

for all energy while saving money and creating jobs, Institute for Energy
Economics and Financial Analysis (IEEFA), San Francisco, California, June 21,

2021 (in person) (video)

224 Transitioning the U.S., the U.S. military, and world to 100% clean, renewable

energy and storage for everything, Energy Savings Performance Contracts
(ESPC)/Utility Energy Service Contracts (UESC) Workshop, Army Corps of
Engineers, Huntsville, Alabama, August 1, 2023 (presented remotely) (link)

Invited Seminar Talks Outside of Stanford University Since 1994

1.

A gas, aerosol, transport, and radiation model for studying urban and regional air
pollution, U. C. Berkeley Environmental Engineering Seminar Series, Berkeley,
California, October 7, 1994.

. Coupling global-scale meteorological and chemical models, Stanford Research

Institute Atmospheric Chemistry Group Meeting, Menlo Park, California,
February 10, 1995.

. Numerical simulations of the transport and transformations of air pollutants in an

urban airshed, Dept. of Meteorology, San Jose State University, San Jose,
California, March 2, 1995.

Simulation pollution buildup in the Los Angeles basin with a coupled air quality -
meteorology model. Lawrence Livermore Nat'l Lab, May 7, 1996.

. Coupling chemical, radiative, and meteorological models in a study of global air

pollution, NASA Ames Research Center, Mountain View, California, March 22,
1995.

. Air pollution modeling. 3-hour seminar, Dept of Meteorology, San Jose State

University, May 15, 1996.

. Studying the feedback effects of aerosols on air temperatures and gas

concentrations with an air pollution model. Department of Earth and Planetary
Sciences, Harvard University, March 17, 1997.

Effects of Aerosols and Soil Moisture on Gas Concentrations and Temperatures in
Los Angeles, NASA Ames Research Center, Mountain View, California, May 1,
1997.

Aerosol effects on air pollution, Department of Meteorology, San Jose State
University, May 1, 1997.



10.UV absorption by particles and its effects on ozone in polluted air, NASA Ames
Research Center, Mountain View, California, April 16, 1998.

11.The effects of absorption by organics and other particulate components on UV
irradiance and ozone in Los Angeles, Systems Applications, Inc., San Rafael, CA,
August 19, 1998.

12.Global direct radiative forcing due to multicomponent anthropogenic and natural
aerosols, NASA Ames Research Center, Mountain View, California, February 18,
1999.

13.Global direct radiative forcing due to multicomponent anthropogenic and natural
aerosols, Department of Oceanography, University of Washington, February 25,
1999.

14.Studying the effects of soil moisture on ozone, temperatures, and winds in Los
Angeles, Dept. of Meteorology, San Jose State University, March 16, 1999.

15.Examining the causes and effects of ultraviolet radiation reductions in Los
Angeles, Dept. of Atmospheric Sciences, University of Illinois, Aprill, 1999.

16.Revised estimates of the global direct radiative forcing of aerosols due to a
physically-based treatment of elemental carbon optics, Dept. of Geology &
Geophysics, University of California, Berkeley, December 8, 1999.

17.Examining the climate response to anthropogenic and natural aerosols, NASA
Ames Research Center, Mountain View, California, March 30, 2000.

18.Studying effects of the large scale on air pollution and weather in Northern
California during SARMAP with a global-through-urban scale air
pollution/weather forecast model, Environmental Engineering Seminar Series, U.
C. Davis, April 10, 2000.

19.Justification for the control of black carbon, the second-leading cause of near-
surface global warming, Environmental Chemistry Seminar Series, U. C.
Riverside, November 21, 2000.

20.Control of black carbon, the most effective means of slowing global warming,
Scripps Institute of Oceanography, La Jolla, February, 2001.

21.Control of black carbon, the most effective means of slowing global warming,
NOAA Aeronomy Laboratory, Boulder, Colorado, April 18, 2001.

22.Control of fossil-fuel particulate black carbon and organic matter, possibly the
most effective method of slowing global warming, Rutgers University, New
Jersey, March 29, 2002.

23.Black carbon, energy, and global warming, Paul Scherrer Institute, Villigen,
Switzerland, August 21, 2002.

24.Black carbon and global warming, Bay Area Air Quality Management District
Advisory Council Technical Committee Meeting, San Francisco, California,
August 27, 2002.



25.The short-term cooling and long-term global warming due to biomass burning,
National Center for Atmospheric Research, Boulder, Colorado, November 12,
2002.

26.Addressing air quality and climate through soot control, National Institute of
Standards and Technology (NIST), Gaithersburg, Maryland, March 26, 2003.

27.Climate and air pollution issues related to black carbon and modern diesel
vehicles, Cummins Science and Technology Advisory Committee meeting,
Indianapolis, Indiana, July 9, 2003.

28.Climate and air pollution effects of black carbon and modern diesel vehicles,
Department of Chemical Engineering, University of Puerto Rico at Mayaguez,
November 6, 2003.

29.Wind energy and climate, Cabrillo College, Aptos, California, November 13,
2003.

30.Climate and air pollution effects of black carbon and modern diesel vehicles,
Department of Atmospheric Science, University of California, Los Angeles,
February 18, 2004.

31.Climate and air pollution effects of diesel vehicles, and the impact of particle traps
and NOx filters, Department of Civil and Environmental Engineering, University
of California, Berkeley, March 12, 2004.

32.Effects of anthropogenic aerosol particles on California climate, California Energy
Commission, Sacramento, California, October 28, 2004.

33.Diesel effects on climate and air pollution, Program in Science, Technology and
Environmental Policy (STEP), Woodrow Wilson School, Princeton University,
Nov. 1, 2004.

34.Enhanced coagulation due to evaporation and Van der Waals forces and its effect
on nanoparticle evolution, Department of Mechanical Engineering, University of
Minnesota, March 2, 2005.

35.The global and regional climate effects of black carbon and other particle
components, Department of Civil and Environmental Engineering, Massachusetts
Institute of Technology, April 14, 2005.

36.The effects of aerosols on global warming and regional climate, Sonoma State
University, May 12, 2005.

37.The effects of aerosols on California and Los Angeles climate, North Carolina
State University, October 3, 2005.

38.The relative effects of greenhouse gases, absorbing aerosol particles, and
scattering aerosol particles on global climate, Environmental Protection Agency,
Research Triangle Park, North Carolina, October 4, 2005.

39.Climate Change, Hurricanes, and Energy, Department of Environmental and
Occupational Health, University of South Florida, College of Public Health,
Tampa, Florida, Oct. 27, 2005.



40.Global warming and hurricanes, Stanford Alumni Association, Portland, Oregon,
November 5, 2005.

41.Addressing climate change with wind energy, Stanford University/University of
British Columbia alumni associations meeting, Palo Alto, California, February 16,
2006.

42 .Cleaning the air and improving health with hydrogen fuel-cell vehicles, Stony
Brook University, Stony Brook, New York, March 22, 2006.

43.New Energy, Merrill Lynch, New York City, New York, March 23, 2006.

44 Effects of E85 on air pollution in Los Angeles and the United States, California
Energy Commission, Sacramento, California, July 26, 2006.

45.Causes of and a wind-energy solution to global warming, Lockheed
Martin/Advanced Technology Center colloquium, Palo Alto, California,
November 9, 2006.

46.University of Wyoming / Stroock Forum on Energy Futures: Global changes that
challenge Wyoming, Laramie, Wyoming, November 15, 2006.

47.Comparative methods of addressing climate-relevant emissions and air pollution
from vehicles, Environmental Defense, Oakland, California, May 30, 2007.

48.Evaluation of proposed solutions to global warming, Bay Area Air Quality
Management District Technical Committee, San Francisco, California, Aug 6,
2007.

49.Comparative effects of vehicle technologies and fuels on climate and air pollution,
Dept. of Atmospheric Sciences, Texas A&M University, College Station, Texas,
Nov. 13, 2007.

50.Causes of and proposed solutions to global warming and air pollution, Hewlett-
Packard Labs, Palo Alto, California, January 24, 2008.

51.A renewable-energy solution to global warming, U. Minnesota, Minneapolis,
Minnesota, March 27, 2008.

52.0n the causal link between carbon dioxide and air pollution mortality, Lockheed
Martin/Advanced Technology Center colloquium, Palo Alto, California, May 8,
2008.

53.Evaluation of proposed energy solutions to global warming, air pollution, and
energy security, Department of Chemical and Biomolecular Engineering,
University of Illinois at Urbana-Champaign, February 3, 2009.

54.Review of energy solutions to global warming, air pollution, and energy security,
Webcast to the National Wind Coordinating Collaborative (NWCC), February 10,
20009.

55.Evaluation of energy solutions to global warming, air pollution, and energy
security, Department of Geology & Geophysics Colloquium, Yale University,
February 18, 2009.



56.Evaluation of energy solutions to global warming, air polllution, and energy
security, Palo Alto Research Center (PARC) colloquium, Palo Alto, California,
March 5, 2009.

57.Evaluation of energy solutions to global warming, air pollution, and energy
security, Department of Civil and Environmental Engineering Graduate
Symposium in Environmental and Water Resources Engineering, University of
California at Los Angeles, April 21, 2009.

58.Evaluation of energy solutions to global warming, air pollution, and energy
security, IEEE Power Electronics Society, Santa Clara, California, April 23, 2009.

59.Review of energy solutions to global warming, air pollution, and energy security,
Singularity University, NASA Ames Research Center, Mountain View, CA, July
15, 2009.

60.Evaluation of energy solutions to global warming, air pollution, and energy
security, Electric Auto Association, Palo Alto, California, July 18, 2009.

61.Review of energy solutions to global warming, air pollution, and energy security,
Earth and Ocean Sciences Seminar Series, Duke University, November 6, 2009.

62.Review of energy solutions to global warming, air pollution, and energy security,
Environmental Engineering Fall 2009 Seminar Series, Dept. of Civil and
Environmental Engineering, U.C. Berkeley, November 13, 2009.

63.A plan for a sustainable future, Clean Tech Forum, Campbell, California,
December 8, 2009.

64.The enhancement of local air pollution by CO2 domes and the effects of black
carbon, the second-leading cause of global warming, Environmental Protection
Agency Region 9, San Francisco, California, May 24, 2010.

65.Powering the world with wind, water, and sun, Singularity University, NASA
Ames Research Center, Mountain View, California, July 12, 2010.

66.A plan for a sustainable future using wind, water, and sun, DECCW Department,
Sydney, Australia, August 18, 2010.

67.Causes of and energy solutions to global warming and air pollution mortality,
Modesto Area Partners in Science, Modesto, California, November 19, 2010.

68.Powering the world with wind, water, and sun, College of Engineering, Systems
Engineering Program, Cornell University, Ithaca, New York, February 4, 2011.

69.Powering the world with wind, water, and sun, Centre for Environment and
Sustainability, University of Western Ontario, Ontario, Canada, March 9, 2011.

70.Aircraft effects on climate, Commonwealth Club, San Francisco, California,
March 28, 2011.

71.A plan for powering the world for all purposes with wind, water, and sunlight,
Silicon Valley Clean Tech Speaker Series, Santa Clara, California, April 21, 2011.



72.Global warming and air pollution, and a worldwide plan to solve both with wind,
water, and the sun, Santa Clara Valley Life Member Affinity Group, IEEE, San
Jose, California, June 7, 2011.

73.Powering the world with wind, water, and sunlight, 2011 International Student
Energy Summit (ISES), Vancouver, British Columbia, June 10, 2011.

74.A plan for powering the world for all purposes with wind, water, and sunlight,
Leonardo Energy Initiative, Webinar, June 16, 2011.

75.Global warming and air pollution: A worldwide plan to solve both with wind,
water, and the sun, Hewlett-Packard Labs, Palo Alto, California, July 14, 2011.

76.A plan for powering the world for all purposes with wind, water, and sunlight,
Harvard Engineering and Applied Sciences Atmospheric Sciences Seminar Series,
Harvard University, September 9, 2011.

77.A plan for powering the world for all purposes with wind, water, and sunlight,
Citizen's Climate Lobby, telephone conference speaker, October 2, 2011.

78.A plan to power the world for all purposes with wind, water, and sunlight,
ENGINEER-2011 video conference, National Institute of Technology Karnataka
(NITK), Surathkal, India, October 27, 2011.

79.Effects of black carbon on clouds and climate. Department of Meteorology, San
Jose State University, February 1, 2012.

80.A plan to power the world for all purposes with wind, water, and sunlight, San
Jose State University, April 11, 2012.

81.Powering the world with wind, water, and sunlight, Rotory Club, Cupertino,
California, April 25, 2012._ (video)

82.Effects of climate change on future air quality, Environmental Protection Agency,
webinar, May 9, 2012 (connected remotely)._(link)

83.Powering the world with wind, water, and sunlight, Stanford Alumni Association,
Minneapolis, Minnesota, May 15, 2012.

84.Can the world be powered on renewable energy? Stanford Alumni Association,
San Francisco, California, May 18, 2012.

85.A plan to power the world with wind, water, and sunlight, Ruffalo, M.A., M.
Krapels, and M.Z. Jacobson, Talks at Google, Google, Inc., Mountain View,
California, June 20, 2012. (video)

86.A plan to power the world for all purposes with wind, water, and the sun,
Leonardo Art Science Evenings (LASERS), University of San Francisco, San
Francisco, California, July 9, 2012. (video) (slides)




87.The effects of black and brown carbon on clouds and global climate,
NASA/University of Alabama at Huntsville, National Space Science and
Technology Center, Huntsville, Alabama, September 5, 2012._(link)

88.Planning for a sustainable future with wind, water, and the sun, Leonardo Art
Science Evenings (LASERS), Stanford University, Stanford, California, October

9, 2012. (link)

89.A plan to power 100 percent of the planet with renewables, University College,
Toronto, Ontario, October 15, 2012. (video)

90.Planning for a sustainable future for states, countries, and the world with wind,
water, and the sun, Department of Earth and Environmental Engineering,
Columbia University, November 16, 2012.

91.A plan to power the world, U.S., and California for all purposes with wind, water,
and the sun, Friends of Hopkins, Pacific Grove, California, January 8, 2013.

92.Powering the world, U.S., and individual states for all purposes with wind, water,
and sun, NOAA Chemical Sciences Division Seminar, Boulder, Colorado, January
25, 2013._(link)

93.Black carbon effects on climate, National Association of Clean Air Agencies
(NACAA) presentation by conference call, February 13, 2013.

94.Technical and economic plans to power the world, U.S., and individual states for
all purposes with wind, water, and sunlight, Climate Science Program, California
State University, Northridge (CSUN), Northridge, California, February 20, 2013.

(link)

95.Technical briefing about state and national clean energy plans, Sierra Club, April
9, 2013 (by conference call).

96.Powering individual states, the U.S., and the world with wind, water, and sunlight,
Climate change symposium, West Valley College, California, Saratoga, California,
April 23, 2013. (link)

97.Powering California and other states with wind, water, and sunlight, Presentation
to energy group, Berkeley, California, June 24, 2013.

98.Powering states and countries with wind, water, and sunlight, Kleiner Perkins
Caufield Byers, Palo Alto, California, July 11, 2013.

99.Powering states and countries with wind, water, and sunlight, Sierra Club Clean
Tech webinar, July 12, 2013.



100.Roadmaps for powering states and countries for all purposes with wind, water,
and sunlight, Energy Resources Group (ERG), U.C. Berkeley, Berkeley,
California, September 11, 2013. (pdf)

101.100% Renewable: Roadmaps for powering states, countries, and the world for all
purposes with wind, water, and sunlight, British Columbia Sustainable Energy
Association, Vancouver, British Columbia, September 17, 2013, webinar. (link)

102.How to power the world, U.S., and individual states for all purposes with wind,
water, and sunlight, Vi Palo Alto Residents’ Retirement Community, Palo Alto,
California, October 22, 2013.

103.Transitioning to 100% clean energy, Connecticut Climate Justice Coalition,
November 14, 2013 (remote presentation) (link)

104.Powering states, countries, and the world with wind, water, and solar power,
Atlas Awards, Danville, California, November 16, 2013.

105.Powering states, countries, and the world with wind, water, and solar power,
Hudson Valley, New York, November 20, 2013 (connected remotely). (link)

106.Powering countries, states, and the world with wind, water, and sunlight,
University of Calgary, Alberta, Canada, December 6, 2013 (connected remotely).

(link)

107.Roadmaps for transitioning California and the other 49 U.S. states to wind,
water, and solar power for all purposes, Bay Area Air Quality Management
District, February 13, 2014. (link)

108.Plans for transitioning all 50 U.S. states to wind, water, and solar power for all
purposes, Acterra Speaker Series 2014, Mountain View, California, March 5,

2014. (link)

109.Plan for converting Massachusetts to wind, water, and solar power for all
purposes, conference call seminar, March 24, 2014.

110.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, NIEHS Center, University of Southern California, April 4, 2014.

111.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, Youngstown State University, Youngstown, Ohio, April 23, 2014
(presented remotely). (link)

112.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, Henry M. Gunn Senior High School, Palo Alto, California, April 29,

2014. (link)



113.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, Barr Foundation, Boston, MA, May 30, 2014, (presented remotely).

114.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, Director’s colloquium Summer Series, NASA Ames Research
Center, Mountain View, California, July 8, 2014. (link)

115.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, Stanford Research Institute (SRI) International, Menlo Park,
California, July 18, 2014.

116.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, Silicon Valley Leadership Group, Santa Clara, California, August 20,
2014.

117.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, Tech talk, Access and Energy Division, Google, Mountain View,
California, August 21, 2014.

118.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, Apple, Inc., October 2, 2014.

119.. Roadmaps for transitioning all 50 U.S. states to wind, water and solar power for
all purposes, Health and Environmental Funders Network (HEFN) Annual
Meeting, Los Angeles, California, October 28, 2014 (presented remotely). (link)

120.Changing the energy infrastructure of the 50 United States to one derived from
wind, water and sunlight, Northeast Ohio, January 8, 2015 (presented remotely).

(link)

121.Roadmaps for transitioning all 50 U.S. states to wind, water and solar power for
all purposes, Bard MBA Sustainable Business Fridays, January 30, 2015
(presented remotely). (link)

122.Roadmaps for transitioning the 50 U.S. states and 139 countries to wind, water,
and solar power for all purposes, Chinese American Environmental Professionals
Association, Oakland, California, March 4, 2015.

123.Roadmaps for transitioning all 50 U.S. states to wind, water and solar power for
all purposes, EWRE Seminar, University of South Florida, Tampa, Florida, March
19, 2015.

124.Roadmaps for transitioning the 50 U.S. states to wind, water, and solar power for
all purposes, Coloradans against fracking webinar, April 13, 2015 (presented

remotely). (link)



125.Roadmaps for transitioning the U.S. and world to wind, water, and solar power
for all purposes, California History Center, De Anza College, California, April 14,

2015. (link)

126.Roadmaps for transitioning 50 U.S. states and 139 countries to wind, water, and
solar power for all purposes, Columbus, Ohio, April 27, 2015 (connected

remotely). (video)

127.Roadmaps for transitioning all 50 U.S. states and 139 countries to wind, water,
and solar power for all purposes, Lockheed Martin/Advanced Technology Center
colloquium, Palo Alto, California, June 4, 2015 (link)

128.Wind energy resources accounting for feedbacks of wind turbines to the
atmosphere, Harvard University, June 24-25, 2015.

129.How California Can End Fossil Fuel Extraction and Embrace 100% Wind and
Solar, Center for Biological Diversity, Berkeley, California, October 29, 2015

(video)

130.What does 100% renewable energy look like, Dartmouth, New Hampshire,
January 20, 2016 (presented remotely) (link)

131.Providing all energy with wind, water, and solar to states and countries, Seminar
to UCLA Grand Challenge Committee, University of California at Los Angeles,
February 23, 2016.

132.Powering Earth 2050: Is California’s 100% renewable energy strategy globally
viable, Oppenheim Lecture Series, UCLA Institute of the Environment and
Sustainability, Los Angeles, California, February 23, 2016 (video)

133.Powering the Earth with 100% wind, water, and sunlight (WWS) for all
purposes, De Anza College, Cupertino, California, April 27, 2016 (link)

134.Roadmaps for transitioning all 50 United States and 139 counties to 100% wind,
water, and solar power for all purposes, Rotary Club of Menlo Park, Menlo Park,
California, May 18, 2016_(link)

135.Roadmaps for transitioning all 50 U.S. states and 139 countries to wind, water,
and solar power for all purposes, Fellowship Forum, Palo Alto, California, July 5,
2016

136.Roadmaps for transitioning all 50 states and 139 countries to wind, water, and
solar power for all purposes, Antioch University/Environmental Protection
Agency webinar, September 29, 2016 (presented remotely).



137.Roadmaps to transition the United States and the World to 100% Clean,
Renewable Energy for all purposes, University of Minnesota, October 1, 2016
(presented remotely).

138.100% clean, renewable energy solutions to keeping global temperatures below
1.50C. Scripps Institute of Oceanography. La Jolla, California, October 20, 2016.

139.Roadmaps for transitioning states and countries to wind, water, and solar power
for all purposes, Rotary Club of Palo Alto, Palo Alto, California, April 10, 2017.

140.Transitioning California to 100% clean, renewable energy, Solutions Project
Executive Committee, April 11, 2017 (presented remotely).

141.Roadmaps for transitioning 139 countries and the 50 United States to wind,
water, and solar for all purposes, Lecture Series on Energy and the Environment,
Youngstown State University, Youngstown, Ohio, October 3, 2017 (presented
remotely).

142.Transitioning the world to 100% wind, water, and solar for all purposes, Catholic
University of America, Washington, D.C., November 16, 2017 (presented

remotely)._(link)

143.Transitioning to 100% clean, renewable energy buildings, Foothill College /
NASA Ames Research Center, April 20, 2018.

144.Technologies needed for 100% renewable California, Public-private
brainstorming event, University of California at San Diego, November 18, 2019
(presented remotely).

145.Transitioning homes, cities, states, and countries to 100% wind, water, and solar
for all purposes: A worldwide Green New Deal, The Journey: Summer school for
graduates and young professionals, University of Bologna, July 23, 2020
(presented remotely).

146.Transitioning buildings, cities, and countries to 100% clean, renewable energy
and storage for everything, Aberdeen Business School, Robert Gordon University,
PhD seminar series, Aberdeen, Scotland, March 3, 2021 (presented remotely).

147.Impact of 100% clean, renewable Green New Deal roadmaps on costs, jobs,
health, and climate in 145 countries, J. James Woods Lecture Series, Butler
University, Indianapolis, Indiana, January 18, 2022 (video)

148.Renewable Energy and Storage: technology, opportunities and bottleneck for a
net-zero scenario, Eng. Giorgio Levi Cases Center for Energy Economics and
Technology, University of Padua, Italy, March 30, 2022 (presented remotely)



149.. Transitioning the world to 100% clean, renewable energy and storage for
everything, Palmer Lecture Series Colloquium, Department of Earth Sciences,
Kent State University, April 15, 2022 (presented remotely).

150.0n the use of only green hydrogen, and for limited applications, in a 100% clean,
renewable energy world, Hydrogen webinar, Brunel University, London, UK, May
18, 2022 (presented remotely). (video)

151.A solution to global warming, air pollution, and energy insecurity for 145
countries, Graduate School of Environmental Studies (GSES), Tohoku University,
Japan, September 5, 2022 (presented remotely).

152.A solution to global warming, air pollution, and energy insecurity for California,
all 50 U.S. states, and the world, University of San Francisco, Graduate program
in environmental management, Gordon Johnson, November 7, 2022 (presented
remotely).

153.Climate Tabletop Exercise, Department of the Navy-Stanford joint TTX event,
Naval Postgraduate School, Monterey, California, April 28, 2023 (in person).

Invited Seminar Talks at Stanford University

1. Computer simulations of urban and regional air pollution, Stanford University
School of Engineering Sunrise Breakfast Club, Stanford, California, March 14,
1995.

2. Similarities and differences between global and urban air pollution models,
Stanford University, Institute for International Studies, Environmental Policy
Forum, November 13, 1995.

3. The role and treatment of clouds in atmospheric models, EE 350 Radioscience
Seminar, Stanford University, Feb. 11, 1998.

4. Optimization of a Gear solver for use in 3-D air pollution studies, Computer
Information Systems Seminar Series, Department of Computer Science, Stanford
University, May 10, 1999.

5. Studying ozone layers aloft and ozone in national parks with a global-through-
urban-scale air pollution weather forecast model, Fluid Mechanics Seminar,
Stanford University, May 8, 2001.

6. Effects of energy use on global warming, Robinson Environmental Theme House
Seminar, Stanford University, Nov. 19, 2002.

7. Relative effects of diesel versus gasoline vehicles on climate and air pollution,
Petroleum Engineering Seminar Series, Stanford University, Feb. 25, 2003.

8. Addressing air quality and climate through soot control, EE 350 Radioscience
Seminar, Stanford University, March 5, 2003.



9. Climate, air pollution, and energy, University Corporation of Atmospheric
Research (UCAR) University Relations Committee Meeting, Stanford University,
April 15, 2003.

10.Reducing greenhouse gas emissions through a large-scale wind/hydrogen
program. Robinson Environmental Theme House Seminar, Stanford University,
February 24, 2004.

11.The climate and air pollution effects of aerosols, Carnegie Institution's
Department of Global Ecology, November 10, 2004.

12.Effects on air pollution and health of switching to hydrogen fuel cells in all U.S.
onroad vehicles, Global Climate and Energy Project Advisory Committee
Meeting, March 28, 2005.

13.The effects on air pollution and health of converting all U.S. vehicles to hydrogen
fuel cell or hybrid vehicles, Global Climate and Energy Project Technical
Symposium, June 15, 2005.

14.Energy and Climate Change, Stanford Institute for the Environment Energy
Committee Seminar Series, November 9, 2005.

15.Greenhouse gases versus soot causes of global warming, and a wind energy
solution, Geological and Earth Science seminar series, March 16, 2006.

16.The wind factor: How to stop global warming, Engineering Day, School of
Engineering and Engineering Alumni Relations Program, July 15, 2006.

17.Comparison of the health and climate impacts of using large-scale wind-hydrogen
or wind-batter versus ethanol (E85), diesel, biodiesel, and gasoline in modern
vehicles, Wood’s Institute for the Environment Energy Seminar Series, Oct. 4,
2006.

18.Briefing on renewable energy and the environment to Assistant Secretary of
Energy for Renewable Energy, Andy Karsner, Oct. 19, 2006.

19.Causes of and a solution to global warming, Energy Resources Engineering
Seminar Series, Nov. 28, 2006.

20.Wind versus biofuels for addressing climate, health, and energy, SLAC
Colloquium, Jan. 29, 2007.

21.Effects of ethanol (E85) versus gasoline on cancer and mortality in the United
States, Management Science and Engineering Seminar Series, April 30, 2007.

22.Causes of and solutions to global warming, Intensive English and Academic
Orientation program, Stanford University, July 24, 2007.

23.Global warming and its energy solutions, Classes Without Quizzes, Stanford
University Reunion Homecoming, Oct. 12, 2007.

24.Air pollution impacts of and renewable energy solutions to climate change, Fluid
Mechanics Seminar, Stanford University, January 29, 2008.

25.Presentation to Vestas Wind Systems, School of Engineering, Stanford University,
March 20, 2008.



26.Review of proposed solutions to global warming, air pollution, and energy
security, The Energy Seminar, Woods Institute for the Environment, October 1,
2008.

27.Briefing of John Fluke and energy specialists, School of Engineering, Stanford
University, October 8, 2008.

28.Briefing of Senator Jeff Bingaman, chairman of the U.S. Senate Committee of
Energy and Natural Resources, on “Low Carbon Energy Supplies,” Stanford
University, October 10, 2008.

29.Briefing of State Senator Fran Pavley, author of AB 32, California's Global
Warming Solutions Act, Stanford University, Nov. 12, 2008.

30.Review of energy solutions to global warming, air pollution, and energy security,
China’s Environment, Forum for American/Chinese Exchange at Stanford
(FACES), Stanford University, February 23, 2009.

31.Review of energy solutions to global warming, air pollution, and energy security,
Discussion Series on Energy and the Environment, Trancos Lounge, February 24,
20009.

32.Predictions of bio-warfare agent dispersion, Army High Performance Computing
Research Center (AHPCRC) Technical Review Meeting, Stanford University,
June 10, 2009.

33.A plan for a clean and sustainable future using only wind, water, and the sun,
EEES Seminar, Stanford University May 12, 2010.

34.Roundtable discussion, The communication eco-system surrounding electric
vehicles and the role of web 2.0, Stanford University, June 7, 2010.

35.Powering the world for all purposes with wind, water, and sunlight, The Energy
Seminar, Stanford University, May 16, 2011.

36.How to power the world with wind, water, and sunlight alone, Classes Without
Quizzes, Stanford University Reunion Homecoming, Oct. 20, 2011.

37.Discussion and question/answer session about renewable energy research,
Stanford Energy Club, Stanford, California, January 26, 2012.

38.A plan for clean, sustainable energy worldwide in 20-40 years, Café Scientifique,
Stanford School of Medecine Blood Center, Palo Alto, California, March 29,
2012. Article in Stanford Magazine (link)

39.Global health impacts of the Fukushima Daiichi nuclear accident, Center for
International Security and Cooperation (CISAC), Stanford University, Stanford,
California, October 1, 2012 (link)

40.Roadmaps for transitioning all 50 U.S. states to wind, water, and solar power for
all purposes, Energy Resources Engineering Seminar Series, April 21, 2014 (link)

41.Repowering the U.S. with wind, water, and solar to address price stability,
pollution, climate, and hurricane damage, Stanford advanced workshop on data



analytics for the electric grid, Stanford University Energy and Environment
Affiliates Program, May 14, 2014 (link)

42 Roadmaps for powering all countries of the world with 100% wind, water, and
solar for all purposes, Energy technology panel on China energy for Guodian
Power, Huang Engineering Center, Stanford University, December 15, 2014.

43.Repowering the world with wind, water, and sunlight, Students for a Sustainable
Stanford, talk ahead of Al Gore, White Plaza, October 2, 2015 (link)

44 Repowering the world’s energy infrastructure country by country with wind,
water, and solar power, Stanford in Government, October 8, 2015

45.Powering the world with wind, water, and solar, Stanford Reunion Classes
Without Quizzes, Stanford University, October 21, 2015 (video)

46.Green versus Green: A debate on the future of U.S. renewables, Stanford Steyer-
Taylor Center, Stanford, California, May 18, 2016 (video)

47 Energy efficient homes, Bone Structure event, Stanford, California, June 24, 2016.

48.Roadmaps for transitioning all 50 states and 139 countries to 100% wind, water,
and solar power for all purposes, Point Energy Innovations Retreat, Stanford
University, Stanford, California, August 12, 2016 (summary)

49.Transitioning cities and the world to 100% clean, renewable, reliable energy
systems, Digital Cities Summit, Stanford University, Stanford, California, October
3, 2016 (video)

50.The Solutions Project and its path to 100% clean, renewable energy. Cross-
campus energy open house, Stanford Energy Club, Stanford University, December
1, 2016 (summary)

51.Transitioning countries to 100% wind, water, and solar (WWS) for all purposes,
CP Group, Thailand conglomerate, Stanford University, June 7, 2017.

52.Combatting air pollution and global warming with 100% wind, water, and solar
plus storage and transmission in all energy sectors, SUPER Faculty Seminar,
Stanford University, June 29, 2017

53.In conversation with professor Mark Jacobson, EmPower/Stanford Energy Club,
Stanford University, January 23, 2019 (link)

54.Impact of 100% clean, renewable Green New Deal roadmaps on costs, jobs,
health, and climate in 143 countries, School of Engineering Connects Committee
talk to Engineering Staff, Stanford University, April 22, 2020 (connected
remotely).

55.The path to zero net GHG emissions by 2050, Woods Institute of the
Environment, April 7, 2021 (video)

56.Transitioning buildings, cities, states, and countries to 100% clean, renewable
energy and storage for everything, Nanoscale Prototyping Laboratory, Stanford
University, June 9, 2021.

57.Achieving a sustainable future with clean, renewable energy and storage, Free
Stanford Webinar, Stanford Online, March 15, 2023 (link)



58.Vision 2030: Roundtable on sustainability research integrity, Scientists speak up,
Stanford University, April 6, 2023 (in person) (link)

59.Transitioning California and the world to 100% clean, renewable energy and
storage for everything, Environmental Health and Safety, April 11, 2023
(presented remotely)

60.Inaugural session, Climate Conversations, Stanford Theater and Performance
Studies Department and Stanford Live, Harry Elam Theater, June 1, 2023 (link)

Invited Panelist

1. Economist's Summit: The Role of Renewable Energy in California's Future,
Capital Building, Sacramento, California, September 5, 2001.

2. Soot, wind, and global warming, Engineering Alumni Relations Panel Meeting,
Stanford University, February 26, 2003.

3. Panel discussion on global warming, 8N International conference of the Israel
Society of Ecology and Environmental Quality Sciences, Weizmann Institute of
Science, Rehovot, Israel, May 30-June 1, 2005.

4. Homecoming panel, After Katrina: Global Climate and Energy Issues Hit Home,
Stanford University, Thursday, October 20, 2005.

5. Hydrogen discussion panelist. Second HyCARE symposium, Laxenburg, Austria,
Dec. 20, 2005.

6. Woods Institute Biofuels Workshop Energy Seminar panelist, Stanford University,
Dec. 6, 2006.

7. Panel Discussion on climate change, NASA Ames Research Center, February, 23,
2007.

8. South Coast Air Quality Management District Roundtable Discussion on
Controlling Global Warming and Local Air Pollution, Diamond Bar, California,
June 28, 2007.

9. Climate Panelist for the International Civil Aviation Organization’s Committee on
Aviation Environmental Protection (CAEP) impacts workshop, Montreal, Canada,
Oct. 29-31, 2007.

10.Energy and Climate Change Symposium -- "The Road to Renewables," Australian
Government Department of Foreign Affairs and Trade, Los Angeles, California,
Jan. 18, 2008.

11.Roundtable on Local Approaches to Climate Action, Dept. of Anthropology,
Stanford University, Stanford, California, Feb. 13, 2008.

12.Panel on Advanced Energy Research, Woods/Precourt Affiliate Conference,
Stanford University, September 12, 2008.

13.Press conference for Environmental Consequences of the Changing Global Food
System, American Geophysical Union, San Francisco, December 18, 2008.



14.Horn Lecture panel discussion on energy, School of Earth Sciences, January 20,
20009.

15.BBC Radio debate on renewable versus nuclear energy, Steve Evans, moderator
July 28, 2010.

16.DECCW Debate, “Will Technology Save Us,” Sydney, Australia, August 19,
2010.

17.Debate on Proposition 23 (partner with Prof. Larry Goulder versus Anita Mangels,
Miles Barber) Stanford Solar and Wind Energy Project, Stanford University, Oct.
18, 2010.

18.Discussion, with Prof. Willett Kempton, on a plan for an offshore east coast
underwater transmission system, WHY'Y radio, Oct. 27, 2010.

19.Panel Discussion, Grid Integration of Renewable Energy Workshop, Stanford
University, Jan. 13, 2011.

20.Panel Discussion, The Minerals, Metals, and Materials Society (TMS) Annual
Meeting, San Diego, California, February 28, 2011.

21.Moderator of panel discussion, Future of automobiles, Stanford Energy Club,
Stanford, California, March 5, 2012.

22.Panel discussion, The age of shale? Implications on energy industry, climate and
policy, Stanford Energy Club, Stanford, California, May 31, 2012.

23.Panel discussion, Powering the world with wind, water, and sunlight with
Jacobson, M.Z., M.A. Ruffalo, M. Krapels, and J. Wank, Stanford University,
Stanford, California, June 20, 2012. (link)

24.Panel speaker, press conference on behalf of German Parliamentarian Hans-Josef
Fell, San Francisco, California, July 10, 2012. (link)

25.Panel discussion on the Documentary SWITCH, Energy Seminar, Stanford,
California, October 8, 2012 (link)

26.Moderator of speech by Christiana Figueres, Executive Secretary, United Nations
Framework Convention on Climate Change, World Affairs Council, San
Francisco, California, April 18, 2013 (link)

27.Panelist at the movie premier of Gasland 2, Tribeka Film Festival, New York City,
April 22, 2013. (link)

28.Panelist at the movie screening of Gasland 2, Stanford University, Stanford,
California, June 2, 2013. (link)

29.Panelist on natural gas hydrofracking, Stanford University, April 14, 2014. (link)

30.Panelist on renewable energy, climate change, and carbon management, NASES,
Columbia University, June 20, 2014. (link)

31.Debate, Meeting the renewable energy challenge symposium, University of lowa,
October 15, 2014. Debate question. Should we go to 100% renewable energy.
Audience vote: 68% to 25% in favor after debate. (link)

32.China air pollution panel, Freeman Spogli Institute, Stanford University,
December 15, 2014.



33.Will renewables replace fossil fuels? The Energy XChange, September 28, 2015
(audio)

34.How California can switch from fossil fuels to renewable energy, Screening of
Dear Governor Brown, Beverly Hills, California, November 4, 2015.

35.White House roundtable discussion on the decarbonization of the U.S. electricity
sector by 2050, Washington, DC, August 25, 2016 (connected remotely).

36.Combatting climate change: the role of nuclear power, University of Michigan
Energy Institute, Ann Arbor, Michigan, September 26, 2016 (video)

37.Emcee and panelist following screening of “Before the Flood,” a documentary
produced by Leonardo di Caprio, directed by Fisher Stevens, and distributed by
National Geographic, Stanford University, October 27, 2016.

38.Panel discussion on the future of district heating, 4th International Conference on
Smart Energy Systems and 4th Generation District Heating, Aalborg University,
Aalborg, Denmark, November 14, 2018 (video)

39.Panel discussion with Rep. Laura Friedman about Diablo Canyon Nuclear Plant,
Mothers for Peace, May 4, 2023 (presented remotely).

Congressional Testimony

1. July 12, 2005. Written testimony on a comparison of wind with nuclear energy to
the U.S. House of Representatives Subcommittee on Energy and Resource.

2. October 18, 2007. Oral and written testimony on the role of black carbon as a
factor in climate change and its impact on public health. U.S. House of
Representatives Committee on Oversight and Government Reform, Washington,
D.C. (link)

3. April 9, 2008. Oral and written testimony on the relative impact of carbon dioxide
on air pollution health problems in California versus the rest of the U.S., U.S.
House of Representatives Select Committee on Energy Independence and Global
Warming, Washington, D.C. (link)

4. November 19, 2015. Oral and written testimony on powering the 50 United States
and 139 countries with 100% wind, water, and solar power for all purposes, U.S.
House of Representatives, Energy and Commerce Committee, Washington, D.C.
(schedule) (written testimony)

Environmental Protection Agency Testimony

1. March 5, 2009. Oral testimony invited by the State of California at the
Environmental Protection Agency Hearing AMS-FRL-8772-7, California State
Motor Vehicle Control Standards; Greenhouse Gas Regulations; Reconsideration
of Previous Denial of a Waiver of Preemption, Arlington, Virginia. (link)

2. Oral testimony at the Environmental Protection Agency Hearing: Endangerment
and cause or contribute findings for greenhouse gases under the Clean Air Act,
Arlington, Virginia, May 18, 2009. (link)



Government Advisory Boards

1. United States Department of Energy Office of Energy Efficiency and Renewable
Energy (EERE) Federal Advisory Committee (ERAC) to the United States
Secretary of Energy, October 2010-August 2012.

2. City of San Francisco Task Force to Provide 100% Renewable Electricity by 2020,
Jan., 2011-May, 2012.

3. United States Environmental Protection Agency Advisory Council on Clean Air
Compliance Analysis, Panel to evaluate a draft EPA report to Congress on the
climate and health effects of black carbon, February 9, 2011-April, 2012. (link)

Documentaries and Podcasts

"Doomsday Tech," History Channel series, Modern Marvels, produced by Scott Goldie
and Anthony Lacques, Dec. 28, 2004.

Science advisor, "Global Warming: Are we melting the planet," hosted by Tom Brokaw,
Discovery Channel, BBC, NBC News Productions, January, 2006.

Alternative fuels and renewable energy, Discovery Channel Canada, produced by Frances
Mackinnon, March 8, 2007; aired March 29, 2007.

“The Ethanol Maze,” Nebraska Public Broadcasting System (PBS), Perry Stoner,
Producer, December 2007; aired June 19, 2008.

Climate change and air pollution, Public Broadcasting System (PBS), Joy Leighton and
Bob Gliner, Stanford, California, June 26, 2009.

Documentary on Renewable Energy, Future Earth/MSNBC, Helen Lambourne, Boulder
City, Nevada, July 13, 2009.

Dutch Television Documentary on the Plan for a Sustainable Future, February 12, 2010.
Documentary on Energy, Peter Bromley, Dec. 10, 2010.

"Renewable Energy and the Future," MBN, South Korean Television, May 21, 2011.
“Gasland 2," Josh Fox, Director; Trish Adlesic, Producer, July 12, 2011.

"Beyond the Light Switch," co-written by Ed Moore, host David Biello, Feb. 9, 2012.
(link)

"Groundswell," produced by Renard Cohen, September 3, 2012.

"The Future of Energy," produced by Maximilian DeArmon, May 3, 2013.
Canadian Broadcasting Corporation, May 10, 2013. (video)

The Climate Project, Taki Oldham and Robert Kenner, 2013

Japanese television, Miho Sakai, interviewer, December 5, 2013.



Climate Solutions Center, Carbon Pollution: Costs and Cures, James Byrne and Geoff
Haines-Stiles, January 1, 2014. (video)

The Venus Project, “The choice is ours,” January 9, 2014.
Converting to wind, water, and solar, Joe Keon, March 6, 2014.
“Life on wheels,” David Hodge, March 10, 2014.

“The race to save the world,” Joe Gantz, March 17, 2014.

Micro-documentary, Marc Tamo and Natasha Giraudie, producers, March 19, 2014.

(video)
Interviewed for docmentary, Josh Fox, producer, April 2, 2014.
Podcast, Charles Margolis, May 28, 2014. (video)

Documentary on clean energy, Matt Renner, World Business Academy, September 15,
2014., April 2, 2014.

Interviewed for documentary on climate solutions, Leonardo di Caprio, October 29, 2014.
Green World Rising, Leonardo di Caprio, narrator, October 30, 2014. (video)

Interviewed for documentary on renewable energy, Cecile and Daniel Raimbeau, October
3, 2014.

Interviewed for documentary on Fukushima, Yoko Kubota, October 23, 2014.

Interviewed for educational film for Children’s University, Marta Przywara, January 14,

2015. (video)

Interviewed for documentary on climate change, Jacob Freydont-Attie, February 6, 2015.
Interviewed for short video on energy transition, Rebecca Sansom, June 22, 2015 (video)
Jon Bowermaster, Dear Governor Brown, August 28, 2015

National Geographic with Bill Nye, Bill Nye’s global meltdown, September 8, 2015
(video)

Effects of black carbon from shipping on climate, Sarah Robertson, October 1, 2015
Podcast on 100% WWS systems, Charles Margulis, January 5, 2016 (link)

A 100 percent renewable economy, Yale Climate Connections, Peter Sinclair, May 9,

2016 (video)

Documentary for ARD German TV, Stefan Tiyavorabun, editor/director, July 17, 2016
(video)



Bill Nye, Episode 1 of Bill Nye Saves the World, National Geographic, Sony Studious,
Culver City, California, October 25, 2016 (video)

From the Ashes, Sidney Beaumont, Bloomberg Philanthropies, May 16, 2017.
Climate showdown, June 5, 2017 (video)

What if everyone had access to a home that was built without damaging the planet, Sarah
Bielecki, Stanford University (video)

Documentary on Oceans, Julia Barnes, May 23, 2017.

Documentary on wind turbine impacts on hurricanes, Weather or Not, Phil Paul Call, June
13, 2017.

Documentary, “The race to save the world,” Joe Gantz, August 3, 2017.

Podcast, Powering the world with renewables, Molly Seltzer, September 25, 2017.
(video)

Podcast, Adam Woodhall, December 18, 2017.
Interviewed for science podcast, Kishore Hari, Mother Jones, February 13, 2018. (audio)

Interviewed for documentary on 1969 Santa Barbara oil spill and today’s solutions, Isaac
Hernandez, July 9, 2018.

Interviewed for Simulation Series with Allen Saakyan, San Francisco, California, July 10,

2018. (video)
Interviewed for the Gist on the Green New Deal with Mike Pesca, February 8, 2019

Interviewed with Andrew Revkin, February 8, 2019 (video)

Interviewed for Time Magazine with Justin Worland, March 8, 2019, aired March 21,
2019 (video)

Cleantech podcast with Mark Z. Jacobson by Zach Shahan, Cleantechnica, March 27,
2019 (audio)

Interviewed for podcast with Peter Sinclair, April 9, 2019 (video)

Should a Green New Deal include nuclear power, Peter Sinclair, April 9, 2019 (video)
Deep Background podcast, June 20, 2019

Climate Pod podcast, November 12, 2019 (video)

Climate Pod podcast, November 12, 2019 (video)

Green New Deal roadmaps for 143 countries, podcast, Michael Barnard, January 9, 2020

(podcast)



The Weather Network, Mario Picazzo, podcast, January 14, 2020 (video)

Future Hindsight podcast on 100% clean, renewable energy and storage for everything
with Mila Atmos January 23, 2020, aired April 10, 2020 (podcast)

Cleantech Talk With Mark Z. Jacobson, Part 1, by Mike Barnard, Zach Shahan,
Cleantechnica, February 16, 2020 (podcast)

Cleantech Talk With Mark Z. Jacobson, Part 2, by Mike Barnard, Zach Shahan,
Cleantechnica (podcast)

CFuture tech finding genius podcast: Global climate models for air pollution and climate
change: Dr. Jacobson explains the importance. (podcast)

The future of renewable energy, Taking Charge Podcast, Lauren Goldfarb, Silicon Valley
Clean Energy, March 2, 2020 (podcast)

Podcast on “Why we still need the Green New Deal plan for 100% clean energy,”
Connect the dots, Alison Rose, April 29, 2020 (podcast)

Podcast on the film, “Planet of the Humans,” Harvey Wasserman, April 29, 2020.

Video podcast, The Weather Network, Chris St. Clair, Dwight Arthur, Mario Picazzo,
podcast May 1, 2020 (video)

Video podcast Chris Engelbrecht, South Africa, June 3, 2020 (video)
Podcast, Staying home with Josh Fox, July 24, 2020 (video)

Part 1 Podcast Forbes Books Radio, Fusion Capitalism episode, hosted by Steve Melink,
August 25, 2020 (video)

Part 2 Podcast Forbes Books Radio, Fusion Capitalism episode, hosted by Steve Melink,
August 25, 2020 (video)

Green hydrogen — where is it useful, where is it not? Podcast with Zach Shahan of
Cleantechnica, December 26, 2020 (audio)

Podcast: Mark Jacobson discusses how the healthcare industry can reduce its carbon
footprint, Bob Berenson, February 25, 2021 (audio)

The technically human podcast with Deb Doing, February 26, 2021 (audio)
Fully Charged Podcast, Robert Llewellyn, February 28, 2021 (video)

Podcast on nuclear power, Sky News, UK, March 10, 2021

Losing Earth, Eschatology, May 6, 2021 (video)

Interview with Alexis Issaharoff on mining, Episode 1, April 21, 2022 (video)
Interview with Allexis Issaharoff, on mining, Episode 2, May 18, 2022 (video)



The climate crisis with Mark Z. Jacobson, Fully Charged Plus Podcast, Robert Llewellyn,
July 24, 2022 (video)

Low-cost, low-risk all-renewable energy plans for 145 countries, Climate Money
Watchdog Podcast, July 28, 2022 (audio)

Unite and heal America with Matt Matern, August 14, 2022 (video)
100% renewable energy home and movement, Nova, PBS, August 23, 2022. (video TBA)

Discussion of the Inflation Reduction Act and 100% renewables, Scholar’s Circle, August
25, 2022 (audio)

Transitioning the world to 100% clean, renewable energy, Rik Brooks podcast, October
17, 2022.

History behind 100% renewable energy plans, Flanigan’s Ecologic Podcast, November 2,

2022. (audio)

Podcast on climate anxiety, Scott Cooney, Cleantechnica, November 8, 2022.

Documentary on renewable energy, Azam TV, Tanzania, Hassan Mhelela, Director
George Santulli, U.S. Department of State, December 8, 2022.

Podcast on No Miracles Needed, The Climate Pod, January 30, 2023. (audio)

Mark Jacobson on how today’s technology can save our climate and clean our air, Keen
On podcast, Literary Hub, February 14, 2023. (video)

Staying at Home With Josh Fox podcast on “No Miracles Needed,” February 23, 2024.
(video)

Healthcare Policy podcast on “No Miracles Needed,” David Introcaso, March 6, 2023.
(link)

Energy Current podcast, Ang Zhao, March 23, 2023. (audio)

Sucking CO2 and electrifying everything, Crazy Town podcast, May 10, 2023. (audio)

No Miracles Needed, Climate Money Watchdog Podcast, with Dina Rasor and Greg
Williams, July 13, 2023. (audio)

Climate Hour podcast with Bob Grove, June 30, 2023. (video)
Planet Beyond podcast with Jon Baton-Pitt, Fugro, July 17, 2023. (audio)

Direct air capture is ridiculous and counterproductive, Cleantechnica podcast with Zach
Shahan, August 16, 2023. (audio)

Television



Future Talk television, Martin Wasserman, host. Palo Alto, California, September 25,

2013. (video)
Late Show With David Letterman, New York City, October 9, 2013. (video)

The Thom Hartmann Show, February 18, 2014. (video)

Breaking the Set, Abby Martin, Anya Parampil, RTTV America, Inc., October 31, 2014.
(video)

A fossil-free world is possible: How to power a warming Earth without oil, coal, or
nuclear, Democracy Now with Amy Goodman, June 6, 2015. (video)

From historic California drought to deadly Indian heatwave, global warming is wreaking
havoc, Democracy Now with Amy Goodman, June 6, 2015. (video)

Hawaii leaving fossil fuels by 2045, The Real News Network, June 22, 2015 (video)
May the force be with you, Climate Matters, December 15, 2015 (video)

100% clean, renewable energy plans, Periscope TV with Leilani Munter, January 15,

2016 (video)

Clean energy plans for states and countries, Stony Brook University News TV with Heidi
Hutner, February 9, 2016 (video)

Interview on 100% clean energy, Canadian Broadcasting Company National News TV,
February 18, 2016 (video)

Interview Global News Canada, June 12, 2016 (video)
Abby Martin, Empire Files, February 28, 2017.

Interview for NHK World Renewable Energy, Direct Talk-100% renewable energy for the
world, Hideharu Watanabe, March 8, 2018. (video)

The Big Picture interview show on RT America on renewable energy, September 7, 2018.
15:20 into (video)

Interview for ONET Polish television on air pollution and renewable energy in California
versus Poland, Stanford University, February 15, 2019.

Interview Live on MSNBC with Katy Tur about the Green New Deal, March 12, 2019
(video)

Interview about Camp Fire, Dena Takruri, Al Jazeera, March 31, 2019 (video)

Interview about 100% clean, renewable energy transition, Skype interview, The Real
News Network, May 8, 2019 (video)

Interview about carbon capture, CNBC, June 22, 2019 (video)



Interview by Greta van Susteren on Voice of America, August 14, 2019 (video)

Future Talk television, Martin Wasserman, host. Palo Alto, California, August 28, 2019

(video)

Interview for SkyTV on solutions to climate change, Antonio Bacile, Italy, June 16, 2020

(video)

WUSADS debate on renewables versus oil and gas, October 23, 2020 (video)
DW News Germany, on Texas power outages, February 18, 2021

CNET interview about carbon capture, February 24, 2021 (video)

Interview by NHK World-Japan public broadcast on 100% renewable energy, April 5,
2021 (video)

Explaining climate change. Interview for NHK World-Japan public broadcast on 100%
renewable energy, April 5, 2021 (video)

Interview about the Biden infrastructure plan, WUSA9 (CBS affiliate), Washington D.C.,
April 5, 2021 (video)

Interview about whether Biden’s GHG goal is realisticc WUSA9 (CBS affiliate),
Washington D.C., April 22, 2021 (video)

Interview: Is the extreme heat driven by climate change, WUSA9 (CBS affiliate),
Washington D.C., June 29, 2021 (video)

Interview: Are hurricanes getting more intense? WUSA9 (CBS affiliate), Washington
D.C., July 14, 2021 (video)

Interview on climate change and renewable energy, Anews Channel, Turkuvas media,
July 23, 2021.

Carbon capture, Wisecrack you-tube channel, October 19, 2021 (video)

BBC News, on the cost of transitioning the world to 100% WWS, Christopher Pitt,
January 21, 2022.

Discussion on carbon capture, Cheddar TV, interviewed by JD Durkin, February 17, 2022
(video)

Interview on CBC News, Canada, on if we can address climate change, July 28, 2023

(video)

Opinion-editorials (op-eds)

1. Jacobson, M.Z., Rush toward ethanol ignores better options. Sacramento Bee,
Sunday May 6, 2007



2. Jacobson, M.Z., EPA’s own study argues for California waiver. San Francisco
Chronicle, Monday, March 3, 2008 (link)

3. Jacobson, M.Z., Nuclear power is too risky, CNN Opinion, Monday, February 22,
2010 (link)

4. Jacobson, M.Z., The nuclear option: Safety concerns are only one big reason wind
and solar better, New York Daily News, Sunday, March 20, 2011

5. Jacobson, M.Z., Securing public health and climate with clean energy forever, Al
Jazeera, February 7, 2012 (link)

6. Ruffalo, M.A., and M.Z. Jacobson, The Tesseract is here, Huffington Post, June
11, 2012 (link)

7. Jacobson, M.Z., What types of energy are clean, Turtle Talks, May 20, 2015 (link)

8. Jacobson, M.Z., How renewable energy could make climate treaties moot,
Scientific American, November 23, 2015 (link)

9. Jacobson, M.Z., The developing world can leapfrog dirty coal and go straight to
clean energy, FastCoExist, February 4, 2016 (link)

10.Jacobson, M.Z., Letter to the Honorable Andrew Cuomo, Governor of New York,
on nuclear power plant subsidies, July 15, 2016 (link)

11.Jacobson, M.Z., Nuclear bailout? Wind and solar are cheaper and emit less
carbon, Albany Times Union, July 29, 2016 (link)

12.Jacobson, M.Z., 6 Experts share how environmentally friendly technologies are
going to reshape the world, Urika, September 14, 2016

13.Jacobson, M.Z., Better alternatives to Cuomo’s bailout of nuclear power, Crains
New York Business, January 10, 2017 (link)

14.Jacobson, M.Z., Opinion: For clean power for all, California needs an integrated
grid, not today’s fragmented operation, San Jose Mercury News, April 15, 2017
(link)

15.Sanders, B., and M.Z. Jacobson, The American people, not big oil, must decide
our climate future, The Guardian, April 29, 2017 (link)

16.Jacobson, M.Z., 4 reasons nuclear and fossil fuel supporters criticizing 100%
renewable energy plans are wrong, Ecowatch, June 19, 2017 (link)

17.Jacobson, M.Z., Response to Forbes: Stop inaccuracies — 100% Renewable energy
is possible, Ecowatch, July 6, 2017 (link)
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well, Ecowatch, July 7, 2017 (link)
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energy by 2050, Leo DiCaprio Foundation, August 23, 2017
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Thinkable, October 5, 2017
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water, and sunlight, Leo DiCaprio Foundation, February 9, 2018

23.Jacobson, M.Z., How did you get to become an expert in the future of enegy,
Onalytica, February 22, 2018 (link)
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switching to 100% renewable energy, Leonardo di Caprio Foundation, July 5,
2018
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ScienceTrends.com, August 7, 2018 (link)

26.Jacobson, M.Z., How 100% renewable energy will use much less of California’s
land than fossil fuels, Los Angeles Times, August 24, 2018 (link)

27.Jacobson, M.Z., 100% renewables requires less land footprint than reliance on
fossil fuels in California — Reality Check, CleanTechnica, August 26, 2018 (link)

28.Jacobson, M.Z., Letter to Governor Jerry Brown on AB 813, August 30, 2018
(link)

29.Hauter, W., and M.Z. Jacobson, We can still dodge the worst of fuel-driven
climate change, The Hill, October, 2018 (link)

30.Jacobson, M.Z., and M.A. Delucchi, Why excluding nuclear, fossils with carbon
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Cleantechnica, January 24, 2019 (link)
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