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Stopping and Reversing Climate Change
Part I
Frank H Shu

This article discusses quantitatively how to stop and reverse
climate change. To stop climate change, we must transition
from burning fossil fuels to using clean energy resources that
do not involve the emission of CO2 . We discuss the advantages and disadvantages of renewable energy sources, such
as wind, water, and solar, relative to nuclear ﬁssion and the
continued burning of fossil fuels, coupled to CO2 capture and
sequestration of the ﬂue gas. A plot of the energy per unit
mass, , against the energy per unit volume, e, shows many
orders of magnitude diﬀerence between changes in the mechanical state of ordinary matter versus chemical reactions
versus nuclear transformations. These diﬀerences raise an
apparent paradox concerning how the price of electricity can
be roughly competitive for the commercial technologies based
on the very diﬀerent fuel types. Explicit and implicit subsidies
for politically favored fuels give a partial explanation, but the
turbines that turn ﬂowing ﬂuids into ﬂowing electricity account for most of the result.
Reversing climate change requires the world to extract CO2
from the atmosphere. Through the processes of growth and
reproduction, evolution has endowed vegetation with the
ability to convert carbon dioxide pulled from the atmosphere
with water drawn from the soil into liquid and solid organic
compounds. In this ﬁrst part of the article, we recommend
the carbonisation of the global annual waste from farms and
ranches into an inert soil enhancer called biochar. We show that
burying biochar back into the soil of farms and ranches of
the world suﬃces to lower the CO2 concentration in the atmosphere to a safe level by 2100 if some combination of
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renewables, nuclear power, and fossil fuel usage with carbon capture and sequestration can reduce to zero the emission of CO2 from total global energy consumption in 2050.
In the second part of the article, we will discuss how moltensalt breeder reactors can overcome the four usual objections
raised by anti-nuclear groups to oppose nuclear ﬁssion: (1)
sustainability of the fuel cycle, (2) superiority of the economics,
(3) security agai- nst weapons proliferation, and (4) safety
against accidental release of massive amounts of radioactivity
into the environment.

Historical Record of Energy Consumption by Type
In pre-industrial times
before 1830, biomass,
mostly from burning
wood but also from
minor sources such as
whale oil, supplied
practically all of the
existential energy needs
of humanity.

Figure 1 shows the historical record of human consumption of
energy, stacked with all types other than the beneﬁts derived from
natural sunlight. In pre-industrial times before 1830, biomass,
mostly from burning wood but also from minor sources such as
whale oil, supplied practically all of the existential energy needs
of humanity – sterilizing water, cooking food, heating dwellings,
lighting for evening chores, etc. Burning wood to boil water for
early steam engines began the industrial age, but the practice denuded ancestral forests and proved unsustainable [1]. Mining
coal, energy dense in comparison with wood, gave England an
early competitive advantage, and by 1833, Great Britain could
free slaves in favor of machine labor. The emancipation of slaves
occurred in the United States in 1863, and the superior industrial might of a North powered by coal contributed to its ultimate
victory over a plantation-based South dependent on manual and
animal labor. However, even in industrialized nations, child labor
continued as a common factory and agrarian practice well into
the twentieth century. Universal education is viable only when
nations achieve high per capita levels of energy consumption.
Without education, especially education of women, unrestrained
population growth will probably undermine all the attempts to
achieve a sustainable long-term future for human civilization.
Use of oil and natural gas (often found in similar geological
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formations) on a large scale occurred after World War I, in the
aftermath of the Allied dismemberment of the Ottoman Empire
with its vast oil reserves in the Middle East. Oil is superior to
coal as a transportation fuel. Overseeing the conversion of British
warships from coal to oil was among Winston Churchill’s accomplishments as First Lord of the Admiralty in the buildup to World
War I.
World War II began in the Far East and South Asia because the
Allied powers blockaded Japan’s access to critical metals and oil.
World War II ended in the Far East by the dropping of atomic
bombs made possible by harnessing the power inside the nuclei
of atoms [3]. Eight years later, in 1953, President Eisenhower
of the United States declared the program ‘Atoms for Peace’ to
build nuclear reactors for civilian energy production. The pursuit
of this goal began with light water reactors (LWRs) using highly
enriched uranium to propel nuclear submarines. After conversion
to using lightly enriched uranium as fuel, these LWRs became the
prototypes for the reactors that America would export to the rest
of the world (except for Canada and the USSR) for commercial
use.
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Figure 1. The historical
record of global energy consumption of diﬀerent types
(data from [2]).

President Eisenhower of
the United States
declared the program
‘Atoms for Peace’ to
build nuclear reactors for
civilian energy
production. The pursuit
of this goal began with
light water reactors using
highly enriched uranium
to propel nuclear
submarines.
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Table 1.

Duration to go
from 1 EJ to 10 EJ in primary energy production [2].

At the turn of the
century, nuclear plus
hydro contributed less
(5.5% + 2.2%) to global
energy consumption than
biomass, which
constituted 11.3% of the
total in 2010. In contrast,
fossil fuel burning
supplied about 80% of
total energy needs in
2010, while wind and
solar with a little
geothermal contributed
only about 0.4% of the
total.

1

EJ = Exajoules; 1 EJ=1018 J.

2 Intergovernmental Panel on
Climate Change Special Report.
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Coal

Oil

Natural gas

Hydro

Nuclear

59 years

33 years

39 years

59 years

12 years

One can plausibly argue that the existence of nuclear submarines
proved to be a strong deterrent to the start of a third World War
fought with nuclear weapons. The unfortunate conﬂation of instruments of war and machines for peace, combined with strategic
mistakes made by the LWR industry, led to an anti-nuclear movement that prevented the expansion of the usage of atomic energy
to totally displace fossil fuels [4].
For other reasons, mainly the saturation of suitable sites, hydroelectric power that requires the construction of huge dams made
of concrete and steel also failed to make serious inroads into the
dominance of fossil fuels in the economy of the twentieth century. At the turn of the century, nuclear plus hydro contributed
less (5.5% + 2.2%) to global energy consumption than biomass,
which constituted 11.3% of the total in 2010. In contrast, fossilfuel burning supplied about 80% of total energy needs in 2010,
while wind and solar with a little geothermal contributed only
about 0.4% of the total (about 2 EJ1 ).
Table 1 lists the historic timescale needed to go from 1 EJ to 10
EJ in annual primary energy production. The transition from 1
EJ to 10 EJ for biomass occurred in pre-industrial times. Even in
2017, after a period of extraordinary expansion, wind had only an
installed global capacity in electric power of 514 GWe; solar, 400
GWe; and geothermal, 14.3 GWe. With Koppelaar’s assumed average capacity factors – 0.234 for wind, 0.15 for solar, and 0.9 for
geothermal – the amount of electrical energy generated in 2017
is 3.8 EJ for wind, 1.9 EJ for solar, and 0.4 EJ for geothermal.
Taken together with Table 1, these numbers do not bode well for
the IPCC SR152 goal of large-scale decarbonisation of the energy
sector by 2030.
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The –e Plot of Diﬀerent Energy Resources
A diagram that helps to explain the relative advantages and disadvantages of diﬀerent energy technologies is the –e plot, where
we graph the energy per unit mass, the speciﬁc energy  of a fuel
type against its energy per unit volume, the energy density e. In
such a plot (Figure 2), wind at a good site for a wind farm might
have ( = 29.5 J/kg, e = 36.9 J/m3 ). Gasoline would be at ( =
46.7 MJ/kg, e = 352600 MJ/m3 ) where MJ = 106 J. For uranium
or thorium, if one could use all the energy potentially in it, we
have ( = 83.1 TJ/kg, e = 1587000 TJ/m3 ), where TJ = 1012 J. Per
unit mass (kg), of gasoline is almost 2 million times more powerful than wind, while uranium or thorium is almost 2 million times
more powerful than gasoline. Per unit volume (m3 ), the contrast
is even starker: Gasoline is roughly 1 billion times more energy
dense than wind, while uranium or thorium is roughly 4 million
times more energy dense than gasoline.
High energy density implies that apparatuses built to release this
energy can be more compact; whereas, high speciﬁc energy implies that the same mass of fuel can last longer when used at the
same power level. Because compactness of equipment and duration of usage are both virtues, we might provisionally judge that
nuclear reactors that depend on ﬁssion energy as fuel are better
than chemical reactors that consume gasoline as fuel, while engines that burn gasoline as fuel are better than turbines that use
wind to generate electricity. Of course, there are other considerations that enter into our value judgments on these issues.
Before we discuss these considerations, Figure 2 shows the (,
e) value-pairs for a typical hydroelectric dam, a supercapacitor,
three rechargeable batteries – lead-acid (that start cars), nickelcadmium (that some cell phones use), and lithium-ion (that power
laptop computers) – wood, bituminous coal, liqueﬁed natural gas
(LNG), methane at standard temperature and pressure (STP),
hydrogen at STP, and uranium or thorium. Notice that all the
fossil fuels have speciﬁc energies that are with a factor of 2 of
each other, somewhat above wood and somewhat below H2 . This
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Since compactness of
equipment and duration
of usage are both virtues,
we might provisionally
judge that nuclear
reactors that depend on
ﬁssion energy as fuel are
better than chemical
reactors that consume
gasoline as fuel, while
engines that burn
gasoline as fuel are
better than turbines that
use wind to generate
electricity.
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Figure 2. The –e diagram
in J/kg versus J/L (with m3
= 1000 L) for diﬀerent fuel
sources.

bunching in  is not a coincidence because the utility of these fuels depends on chemical reactions of small atoms and molecules
with oxygen.
The valence electrons of small atoms move typically at 0.01 or so
times the speed of light c, with the rest mass of the electron being
typically less than 10−5 of the rest mass of the atom. Thus, the
changes in electronic conﬁguration when chemical reactions occur are typically only 10−10 times the rest energy of the reactants.
In contrast, ordinary speeds acquired by matter, say in wind, measures on the order of a few m/s, or 10−8 times the speed of light
c. The kinetic energy of matter composed of small atoms and
molecules is 10−16 times the rest energy of the matter. In other
words, the energy released by chemical reactions that involve the
burning of fossil fuels is typically a million times or so larger than
the kinetic energy of matter encountered in ordinary life.
Now consider what happens when an atomic nucleus of mass M A
absorbs a neutron of mass mn and ﬁssions into two fragments, a
smaller mf and a larger Mf . In this case, the energies and masses
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are: E1 = MA c2 + mn c2 = ml c2 , where m1 = MA + Mn and E2
= mf c2 + Mf c2 = m2 c2 , where m2 = mf + Mf with the result
ΔE = Δmc2 where ΔE = E1 − E2 and Δm = m1 − m2 resulting
from simple algebraic identities. If we are in frame where the
particles all move at sub-relativistic speeds, then the energy of the
atomic nucleus is described approximately as the rest energy of
the nucleus MA0 c2 where MA0 is the rest mass of the nucleus plus
the kinetic energy 12 MA0 vA 2 where vA is the speed of the nucleus
in the adopted reference frame (which is often the CM frame at
which the center of mass is at rest) Similarly, the energy of the
neutron would be mno c2 plus 12 mn0 v2n where mn0 is the rest mass
of the neutron and vn is the speed of the neutron in the adopted
reference frame. The same splitting holds for the energies of the
two fragments being the sum of a rest energy and a kinetic energy.
Now, one can ask why is there a diﬀerence between E1 and E2 ?
In state 1, the nucleus was composed of an atomic nucleus of
positive electric charge QA = ZA qp where ZA is the number of
protons of known positive electric charge qp conﬁned to a ball of
a certain characteristic radius RA that also contains NA neutrons.
When the nucleus ﬁssions, two fragments are produced with the
sum of their protons being equal ZA (because of the conservation
of electric charge) and with the sum of their neutrons being NA
+ 1 (with the plus 1 coming from the incident neutron and the
conservation of baryon number). Large atomic nuclei maintain
nearly constant mass density deﬁned by a balance between the
attraction of the short-range strong force among nucleons (almost
the same for protons and neutrons) and the repulsion of the positively charged protons conﬁned to the volume of the ball. When
the compound nucleus splits into two, the fragments gain kinetic
energy of motion in opposite directions in the CM frame primarily from the unbalanced mutual repulsion of their protons.

Large atomic nuclei
maintain nearly constant
mass density deﬁned by
a balance between the
attraction of the
short-range strong force
among nucleons (almost
the same for protons and
neutrons) and the
repulsion of the
positively charged
protons conﬁned to the
volume of the ball.
When the compound
nucleus splits into two,
the fragments gain
kinetic energy of motion
in opposite directions.

From the relativistic perspective, one can dispense with the idea
of the potential energy of electric repulsion. One can deal with
only mass m and energy E, which are related by the simple formula E = mc2 , with matter having more mass (and energy) if it
is moving than if it is at rest, and more (or less) mass if there
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are repulsive (or attractive) ﬁelds of force at work. From this
perspective, in a transformation of state from a system that adds
a neutron to a ﬁssionable nucleus, we can release energy in the
form of kinetic motion (ultimately appearing as heat) if the sum
of the rest masses of the ﬁssion fragments is less than (by 0.1%
or so typically) the sum of rest masses of the starting state.
Fission releases energy
that is 10−3 times the rest
energy of the reactants,
while the chemical
combustion of organic
substances releases
10−10 times the rest
energy of the reactants.

In summary, ﬁssion releases energy that is 10−3 times the rest energy of the reactants, while the chemical combustion of organic
substances releases 10−10 times the rest energy of the reactants.
Thus, in the release of speciﬁc energy , ﬁssion reactions are almost 107 times more powerful than the chemical reactions involving wood, fossil fuels, or hydrogen.
The diﬀerences observed in energy density e of diﬀerent fuels
owes its origin to whether the fuel is a gas, a liquid, or a solid. At
STP, air is 800 times less dense than liquid water, and liquid water
is 19 times less dense than solid uranium or thorium metal. Consider the implications for electricity generated by wind turbines
and by hydroelectric turbines.
A 1 kg parcel of air blowing at a speed v = 7 m/s, has a kinetic
energy of 12 72 kg m2 /s2 = 29.5 J, or a speciﬁc kinetic energy of 
= 29.5 J/kg. The density of air at sea level is ρ = 1.25 kg/m3 . The
parcel of air has a kinetic energy density e = ρ = (29.5 J/kg)(1.25
kg/m3 ) = 36.9 J/m3 . The pair ( = 29.5 J/kg, e = 36.9 J/m3 ) is
what we plotted in Figure 2 for wind.
Consider next the ‘fuel’ for a hydroelectric plant where water
is stored to a height 100 m behind a dam, at the base of which
we place a hydroelectric turbine. The gravitational potential energy of 1 kg parcel of water at the height of 100 m is (1 kg)(9.80
m/s2 )(100 m) = 9800 J. Thus, the speciﬁc gravitational potential
energy of the fuel for a typical hydro plant is  = 9800 J/kg. The
density of water at STP is ρ =1000 kg/m3 . The energy density of
the fuel for a hydro plant is then e = ρ = 9,800,000 J/m3 . The
pair ( = 9800 J/kg, e = 9,800,000 J/m3 ) is what we plotted in
Figure 2 for hydro.
The superiority of a hydroelectric plant over a wind farm extends
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beyond ( = 9800 J/kg, e = 9,800,000 J/m3 ) being better than (
= 29.5 J/kg, e = 36.9 J/m3 ). Water being 800 times denser than
air can basically free fall when dropped in the gravitational ﬁeld
of the Earth over a distance of 100 m. The speciﬁc gravitational
potential energy at the top,  = 9800 J/kg is then simply converted
to the speciﬁc kinetic energy 12 v2 . Thus, the speed of water at the
bottom of a 100 m tall dam is v = (2)1/2 = 98 m/s. This speed is
14 times faster than the 7 m/s experienced by a typical large wind
turbine. One can guess that turbines work more eﬃciently when
ﬂuid 800 times denser moves 14 times faster past their blades.
Hydroelectric turbines are typically 90% eﬃcient in turning the
energy of ﬂowing water at the base of the dam into electricity,
while wind turbines turn only about 50% of the energy of the
wind ﬂowing past their blades into electricity.

Water being 800 times
denser than air can
basically free fall when
dropped in the
gravitational ﬁeld of the
Earth over a distance of
100 m.

The (, e) value-pairs for the other technologies displayed in Figure 2 are computed in a similar fashion. We can ask where do solar panels lie in Figure 2? The answer is complicated by the fact
that solar panels are basically 2D objects while its ‘fuel’, sunlight,
does not have rest mass. A typical solar panel capable of generating 1 kW of electricity when the unobscured sun is overhead
might have a footprint of 8 m2 and a mass of about 18 kg. Assuming that such a panel operates at a capacity factor of 0.15 for a
service life of 20 years, the total energy generated is 94.7 GJ, and
we can then compute its speciﬁc energy as  = 5.26 GJ/kg. Because nothing can be built above the solar panel comparable to its
horizontal dimensions, we adopt an eﬀective height of the solar
panel equal to 1 m. The eﬀective mass density of the apparatus is
then ρ = 18 kg/8 m3 , implying e = ρ = 11.8 GJ/m3 . Computed in
this fashion, solar panels would have an energy density comparable to wood and a fuel source (sunlight) with a ‘speciﬁc energy’
higher than any source in Figure 2 other than ﬁssion.

The Paradox of the –e Diagram
One can now ask a puzzling question: With the many orders of
magnitude diﬀerence (, e) between wind and fossil fuels and
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between fossil fuels and nuclear ﬁssion, how can they all produce electricity, within a factor of a few, that costs about the same
amount of money?
The answer lies in understanding how a turbine generates electricity. The ﬁrst step is mechanical: using curved blades to convert
the rectilinear motion of moving ﬂuid into the rotational motion
of the shaft of the blades. At the end of the shaft is a permanent
magnet housed inside a ﬁxed coil of copper wires (with copper
being a good but relatively cheap electric conductor). By Faraday’s law of induction, in the second step, as the wires of the coil
cut the rotating magnetic ﬁeld lines associated with the magnet,
an alternating current surges back and forth through the wires at
a radian frequency equal to the angular frequency of the spinning
shaft. In principle, the kinetic energy of rotation of the blade assembly and shaft can be essentially converted completely (100%)
into electrical energy.
Wind energy is
competitive with fossil
fuels because a wind
turbine is all turbine.
Although the furnace for
a coal-ﬁred power plant
can cost much less than a
wind farm, the systems
that convert the heat
from the furnace to
electric power by boiling
water into expanding
steam that drives steam
turbines is neither
smaller nor cheaper than
the turbines of a wind
farm.
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Many students know the reverse to be true: unlike heat engines
whose maximum eﬃciency is set by the laws of thermodynamics, electric motors can approach 100% conversion of electrical
energy into kinetic energy of mechanical motion. In any case,
wind is competitive with fossil fuels because a wind turbine is
all turbine. Although the furnace for a coal-ﬁred power plant can
cost much less than a wind farm, the systems that convert the heat
from the furnace to electric power by boiling water into expanding steam that drives steam turbines is neither smaller nor cheaper
than the turbines of a wind farm.
Similar reasoning applies to current-generation by the nuclear
power plants. The need to get out the heat generated by ﬁssion chain reactions into heat exchangers means that the LWRs
of such power plants cannot be much smaller than coal-ﬁred furnaces with the same rated thermal power. For technical reasons,
the operating temperatures of the steam generated in nuclear
power plants are generally lower than that for coal-ﬁred power
plants, implying that the steam turbines converting the ,heat released are somewhat lower in eﬃciency than the coal-ﬁred power
plants, especially those that operate on the so-called combined
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cycle. Coupled with the reputational baggage attached to anything ‘nuclear,’ the cost of new nuclear power plants considerably
exceed the cost of building thermal power plants that run on fossil fuels. Only the much lower cost of nuclear fuel compared
to fossil fuel has kept the economic case for running existing nuclear power plants competitive with the coal-ﬁred power plants.
Nuclear energy being clean is the main rationale for preferring
the continued operation of existing LWRs relative to saving old
coal-ﬁred power plants, or building new gas-ﬁred power plants.

Only the much lower
cost of nuclear fuel
compared to fossil fuel
has kept the economic
case for running existing
nuclear power plants
competitive with the
coal-ﬁred power plants.

The situation is diﬀerent for hydropower. Suppose a dam 100 m
tall holds a reservoir of water behind it that has an eﬀective rectangular volume of 100 m × 200 m × 5000 m = 108 m3 . The total
mass of water in the reservoir is 1011 kg. This amount of water
dropping through turbines generates 0.9(1011 kg) (9800 J/kg) =
8.82 × 1014 J. Released steadily over a year = 3.15 × 107 s, the
average power generation would be 28 MWe. The cost to build
such a medium-hydro facility might be 28 million USD, with the
largest share being the construction of the dam, tunnels, etc. The
hydroelectric turbines are a relatively minor cost [5]. Moreover,
building such a facility yields not only the generation of electricity but also 1011 liters of drinking water annually for cities
downstream from the dam.
At a capacity factor of 0.234, a wind farm would need 40 wind
turbines with 3 MWe each of nameplate capacity to generate the
same amount of electrical energy annually. At 3 million USD per
turbine, the array would take 120 million USD to build. Thus, although a wind farm can add nameplate power at about 1 USD per
watt, competitive with building a new hydro facility, the electrical
energy actually generated is signiﬁcantly less than a hydroelectric
power plant, and there are no auxiliary beneﬁts comparable to a
reservoir of drinking water that may prove increasingly important
during droughts brought on by climate change.
A strong case can, therefore, be made for building new hydropower
plants. Unfortunately, such action cannot save us from climate
change because at maximum there is only room to expand total
hydro capacity by a factor of about 4.8 [5] from its current total

RESONANCE

January 2019

61

GENERAL ARTICLE

contribution of 2.2% of the global energy consumption (Figure
1).

Problems Created by Intermittent Sources of Electricity
The low capacity factors
for wind and solar arises
from the intermittency of
these sources of energy,
i.e., there is no energy
generated when the wind
does not blow or when
the sun does not shine.

The low capacity factors for wind and solar arises from the intermittency of these sources of energy, i.e., there is no energy generated when the wind does not blow or when the sun does not shine.
The intermittency occurs on a wide range of time scales: (1) on
a seasonal cycle because the wind arising from cold descending
air spreading horizontally meets the surface of the solid or liquid
Earth is strongest in winter, while the sun shines brightest and
longest in summer; (2) on a diurnal cycle because the wind blows
hardest at night, while the sun is up only during the day; and (3)
on minutes kind of timescales because the wind arises in a turbulent troposphere in which gusts of wind impact wind turbines at
ﬁxed sites and orientations, while wisps of obscuring clouds give
ﬂuctuating irradiance of solar panels.
The intermittency makes wind and solar electricity hard to use
because discrepancies between supply and demand can crash the
grid on which the AC electricity is sent to consumers. To keep
the electric grid frequency and voltage stable, utilities today use
backup natural gas power plants that are kept on ‘spinning reserve,’ ready to synchronously ramp up or ramp down on minutes
of notice. Since extreme weather can cause regional wind turbines and solar panels to stop generating electricity for weeks at
a time, the natural gas power plants must have a capacity comparable to that of the wind or solar if one is to make full use of
the nameplate capability of the intermittent resources. Neither
coal-ﬁred power plants nor traditional nuclear power plants profitably operate in a ‘spinning reserve’ manner. So they are unable
to compete with gas-ﬁred power plants that receive subsidies for
their ability to balance the downswings of wind and solar. Upswings of wind and solar, if widely deployed, can give excesses
of electricity driving the electricity prices into negative territory
encouraging consumers to use more and producers to generate
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less. Thus, ﬂuctuations of either sign damage the economic competitiveness of baseload nuclear and coal-ﬁred power plants.
Except in the United States where fracking has produced an abundance of cheap natural gas, operations using spinning reserves,
are quite expensive. Natural gas prices are volatile because shipment and storage require liqueﬁcation to LNG at cryonic temperatures and high pressures making the maintenance of adequate
supplies as emergency reserve problematic. The only other countries that have successfully integrated large deployments of wind
or solar into their system of electricity distribution are those with
ample access to hydroelectricity (e.g., Norway) or those with ample geothermal heat (e.g. Iceland).
Denmark can aﬀord to be anti-nuclear because it has an abundance of wind turbines in the North Sea with backup electricity
supplied by Norway. Even so, Denmark has the highest electricity prices in the European Union [6]. In contrast, when Germany
shut down most of its nuclear power plants in the aftermath of the
nuclear disaster at Fukushima, its carbon footprint increased despite renewables (wind, solar, biomass, hydro) constituting about
50% of its installed capacity of electric power generation and
supplying 29.5% of its actual energy production. Most of the
nuclear baseload was either replaced by new domestic coal-ﬁred
power plants [7] or by importing backup electricity from coal-rich
Poland or from nuclear friendly France and the Czech Republic.
Germany has the second highest electricity prices in the EU [6].
An alternative to load balancing by spinning reserves is to store
the electric energy generated by wind turbines and solar panels,
and to use the stored supply when the wind or sun is weak. However, because batteries have relatively low speciﬁc energy  (see
Figure 2), the storage of electricity in batteries is not cheap. Studies show batteries to roughly double the cost of operating solar
farms [8]. In a battery, what is being actually stored is chemical energy, but the natural speciﬁc energy  of chemical reactions
is ineﬃciently utilized at the small-reactor scale of the battery,
whose electrolyte, electrodes, battery housing, etc., have to convert chemical energy into electricity. The components often con-
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An alternative to load
balancing by spinning
reserves is to store the
electric energy generated
by wind turbines and
solar panels, and to use
the stored supply when
the wind or sun is weak.
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tain toxic or corrosive compounds, making batteries some of the
dirtiest of human inventions.

Converting the electrical
energy supplied by wind
turbines or solar panels
to chemical energy by
the electrolysis of water
into hydrogen and
oxygen is a possible
option with existing
technology.

Converting the electrical energy supplied by wind turbines or solar panels to chemical energy by the electrolysis of water into hydrogen and oxygen is a possible option with existing technology.
However, H2 is a very small molecule that easily escapes through
the lattices of normal metal containers. So, storing it is neither a
simple task nor necessarily a viable economic option. Reacting
the H2 with CO2 extracted from thermal power plants to give CH4
and H2 O is a path that seemingly gains little since the CH4 that
is 90% of natural gas is almost as diﬃcult to ship and store as the
H2 . Fortunately, there are oxidative catalytic pathways that can
eﬃciently convert methane CH4 and O2 into methanol (CH3 OH)
and H2 O at ambient temperatures and pressures [9]. Methanol is
a liquid at standard temperature and pressure and is therefore easily stored and shipped. Methanol is not yet an approved fuel for
automobiles although it is currently used in some racing circuits.
An idea endorsed by advocates of 100% wind, water, and wind
is pumping water uphill in existing dams [10, 11]. The pumpedhydro option converts excess electrical energy from wind turbines
or solar panels into gravitational potential energy that can be reconverted into electricity, when needed, by letting the water fall
through the turbines that are part of the dam’s infrastructure. The
problem is that existing dams hold enough water to provide only
2.2% of the world’s total energy needs (see Figure 1). The other
97.8% must be supplied on average by wind and solar. According
to Jacobson et al. [10, 11], this mismatch is acceptable as long
as one releases the regionally stored water at a high enough rate
whenever wind and solar cannot supply local demand. For example, if the rate needs to be 10 times the average rate used now,
one can release the stored water in 36.5 days instead of 1 year.
Of course, this means retroﬁtting existing dams by an average of
10 times more turbines than they now have, just to meet the peak
demand rather than the average steady demand. Moreover, downstream communities might object to their year’s supply of water
being released in 36.5 days, especially if the times of release are
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unpredictable.
Great controversy erupted when opponents to 100% renewables
questioned whether such retroﬁtting of hydro plants was viable
[12]. Overbuilding wind turbines and solar panels to compensate for their capacity factors, equipping the wind and solar farms
with pumps to push water uphill into existing dams, and adding
enough turbines at such dams to supply a local peak need that is
much higher than the local average need, may be prohibitively
expensive. Backing up a smaller portfolio of wind and solar (up
to 30% of total electricity) with next-generation nuclear powerplants may be a better option.

Climate Mitigation Goals and Objectives
Figure 3 shows an outline of the central ideas underlying our subsequent discussion.
As an atmospheric average, the safe concentration of CO2 may be
350 parts per million (ppm) which we passed in 1988 [13]. At the
time of my Academy–Springer Nature Chair lectures from which
Figure 3 is modiﬁed, the atmospheric CO2 stood at 407 ppm. In
Paris, signatories committed to Intended Nationally Determined
Contributions (INDCs) that would bend the steadily rising CO2
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Figure 3. CO2 concentration (parts per million) in atmosphere versus time.
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If we stay at 450 ppm
atmospheric CO2 ,
temperatures at the end
of the 21st century could
rise by 3 or 4o C,
exceeding the 2o C that is
considered acceptable
and the 1.5o C that is
considered aspirational.

concentration to the red asterisk in Figure 3. Hopefully, the subsequent trajectory turns over at mid-century at about 450 ppm.
But if we stay at 450 ppm, temperatures at the end of the 21st
century could rise by 3 or 4o C, exceeding the 2o C that is considered acceptable and the 1.5o C that is considered aspirational.
As an update on the current situation, the Intergovernmental Panel
on Climate Change (IPCC) issued their special report SR15 in
October 2018. An unappreciated factor in the public’s perception of the urgency of addressing climate mitigation is the time
lag built into the system between when the greenhouse gases are
released into the atmosphere and when the surface temperature
of the oceans or of the solid Earth rises in response to the extra forcing. The IPCC models forecast that unless global anthropogenic emissions of CO2 from the burning of fossil fuels from
2010 levels decline by about 45% in 2030, humanity will have
locked in enough warming that the 1.5o C goal becomes unattainable. No nation with a substantial fraction of the Earth’s population is on a path to achieve such reductions in the next 12 years.
The only path then open to avoid large-scale suﬀering and massive migration to more temperate climes is to develop negativeemissions technologies that can eﬀectively remove CO2 from the
atmosphere.
In Asia-Paciﬁc, with business as usual (i.e., no attempts at mitigation), the mean temperature rise locked in by the end of the
century will probably be more like 6o C. Just imagine the average temperature in summer being 5o C higher than it was in 2017,
which was 1o C higher than the pre-industrial age. Vast parts of
India would become literally uninhabitable.

If we look at timescales
of thousands of years,
then eventually all the
ice at the poles,
including Antarctica,
would melt, and 60
metres of sea rise would
occur.
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If we look at timescales of thousands of years, then eventually
all the ice at the poles, including Antarctica, would melt, and 60
metres of sea rise would occur. Clearly, we wish to avoid catastrophic inundation of all the coastal cities of India and the world.
How much would it cost to meet the Paris INDCs? The International Energy Association has made an estimate [14] – a global
investment of 44 trillion USD in new energy supply, with 20%
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in renewables. In addition, 23 trillion USD needs to be spent to
improve energy eﬃciency. This decarbonisation scenario relies
on ‘carbon capture and sequestration’ (CCS) to trap and store the
CO2 emitted by the thermal power plants. What will incentivize
the utilities to add CCS to their current operations?
By contrast, if one adopts the two molten salt technologies to be
discussed further in this article, then it will probably only cost
6 trillion USD to build the ﬂeet of needed nuclear reactors with
zero-carbon emission for the entire energy needs of the world,
plus another 2 trillion USD for the supertorrefaction3 technology
that turns biomass into a carbonised form that brings the CO2
concentration to a safe level of 350 ppm by the end of the century.
How can atmospheric CO2 at 450 ppm be reduced to 350 ppm?
The wiggly solid curve in Figure 3 shows the direct measurements of CO2 concentration made from the peak of Mauna Loa
in Hawaii by Keeling, father and son. The data shows that when
plants in the Nothern hemisphere die and decay in the fall, the
CO2 concentration bends up, as bacteria digest the dying vegetation. In the spring, as new plants grow, the CO2 concentration bends down. The total swing from up to down is about 8
ppm. In addition to the annual variation, a steady drift upwards
comes from humans burning fossil fuels. Suppose humans stop
this steady upward climb using energy technology that has zero
CO2 emissions. Then, in principle, we can ﬂatten the mean curve
at 450 ppm by 2050. If we could further carbonise all the vegetation that dies before it decays, the ‘wiggle up’ that normally
occurs in the fall would be interrupted because we have transformed the dying vegetation into a carbonised form that does not
decay. ‘Wiggle down’ would still occur in the following spring as
new vegetation takes the place of the harvested dying vegetation
of the previous fall.
Most people have directly experienced the phenomenon. An unrefrigerated bag of garbage decays in days and begins to stink,
but without refrigeration a bag of charcoal can last a very long
time (thousands of years) without decaying and stinking. If we
could achieve 8 ppm per year of negative emissions, reducing
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3 Torrefaction refers to a thermal process used to convert
biomass into a coal-like material with better fuel characteristics than the original biomass.
Torreﬁed biomass is easy to
store and grind. Supertorrefaction is a molten-salt improvement on traditional torrefaction.
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CO2 concentration bends
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dying vegetation. In the
spring, as new plants
grow, the CO2
concentration bends
down. The total swing
from up to down is about
8 ppm.
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mean CO2 concentration by 100 ppm, from being dangerous at
450 ppm to being safe at 350 ppm, would take only 12.5 years.
Carbonising 25% of all
the dying vegetation on
land means that one is
getting negative
emissions at roughly a
rate of 2 ppm per year.

Of course, it is almost impossible to ﬁnd and carbonise every
blade of grass that dies in the fall. What can one do realistically?
Experts [15, 16], think resourcing 25% of all land plants is reasonable, and I agree, especially if we reclaim desertiﬁed lands for
growing renewable biomass for food and other purposes. Carbonising 25% of all the dying vegetation on land means that one
is getting negative emissions at roughly a rate of 2 ppm per year.
At 2 ppm/year of negative emissions, one would need 50 years to
bring the CO2 concentration from 450 ppm at 2050 to 350 ppm
at 2100. One should not, however, underestimate the scope of the
proposed enterprise because 2 ppm/year is what we roughly now
have in positive emissions from burning fossil fuels.

How Much Biochar Needs to be Buried?

Reduction of CO2 in the
atmosphere by 100 ppm
requires the
sequestration of 782
billion tonnes of CO2 or
roughly the burial of 261
billion tonnes of biochar.

Reduction of CO2 in the atmosphere by 100 ppm requires the sequestration of 782 billion tonnes of CO2 or roughly the burial of
261 billion tonnes of biochar. The world devotes approximately
4.91 billion hectares to farming and ranching. Distributing 261
billion tonnes of biochar over 4.91 billion hectares of land implies a mean coverage of 53-tonnes biochar per hectare. Because
1 hectare = 104 m2 , the application rate equals 5.3 kg/m2 . The
biochar we propose to make has an oven-dried bulk density of
about 70 kg/m3 ; hence, on farmlands or ranches, we need to
spread the topsoil on average with a layer of biochar 0.076 m
= 7.6 cm thick. Apart from premixing the biochar with an accompanying complement of compost, the task seems moderately
realistic.
If the 261 billion tonnes of biochar is produced over 50 years, the
required annual production rate is 5.22 billion tonnes per year.
With improved estimates for the cost of molten-salt carbonisation
of biomass since our discussion of [17], we target making 1 tonne
of biochar per day per machine transportable by trucks to the harvest site of renewable biomass. At 1 tonne per day, we would
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need 14.3 million machines operating continuously for 50 years.
If each machine has a useful service life of 17 years against corrosion, then in total, the world would need to pay for 42.0 million
machines. If each machine costs 50,000 USD to build, the total cost, in round numbers, to reverse climate change would be 2
trillion USD, as indicated in Figure 3.
The 4.91 billion hectares of farm and ranch land can supply the
required annual biomass feedstock of about 20.88 billion tonnes
of biomass if the mean annual yield of renewable biomass is 4.25
tonnes per hectare, which should be achievable. Each machine of
the 14.3 million available at any given time would then service
on average 353 hectares (an area of 1.85 km × 1.85 km), which
implies reasonable distances for transportation logistics.
In the above estimates, we have ignored the downtime for equipment maintenance and repair, and hence the equipment cost estimate may be overly optimistic. Nevertheless, an even more important neglect occurs on the beneﬁts side of the ledger. For the
reasons discussed below, the economic and environmental worth
of the 281 billion tonnes of biochar produced, and the associated
volatile organic compounds emitted and recovered as part of the
process provides considerable incentive for private sector investment of 2 trillion USD.

Biochar as a Promotor of Crop Productivity
Figure 4 shows the incentive for farmers to bury biochar in farmlands as an agricultural practice. In 2016, Hood-Nowotny of Austria published the results of the experimental addition of biochar
to croplands growing food in tropical and temperate climes; the
speciﬁc example being a cropland in Africa used for corn production. Because of the poor soil quality, the corn stalks do
not grow very tall if one plants the corn in unprepared soils (left
panel). But if one adds biochar, the corn stalks reach the height
of the farmer (middle left). Equally good results are obtained by
adding fertilizer instead of biochar (middle right). If one adds
both biochar and fertilizer, the corn stalks grow really tall (right).
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Figure 4. Adding biochar
to carbon-depleted soils
improves soil productivity
[18].

Managing soil carbon
wisely is the new frontier
for agricultural science.
It has been estimated
that poor practices have
depleted soil carbon to
the degree that the world
has on average only 60
harvests left.
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Hood-Nowotny estimates that biochar can increase soil productivity by 75% in tropical and temperate climates.
Managing soil carbon wisely is the new frontier for agricultural
science. It has been estimated that poor practices have depleted
soil carbon to the degree that the world has on average only 60
harvests left. India harvests twice a year. Plainly stated, these
facts imply that India can count on having food for only 30 more
years. After that, malnutrition could become commonplace. The
world is currently in a perilous place; there is too much carbon
dioxide in the air and not enough carbon in the ground.
A ﬂourishing biochar industry would set an example of how
to grow a sustainable circular economy. Start with renewable
biomass and turn it into biochar which eﬀectively removes CO2
from the air. Add the biochar to the ground, which acts as a host
for beneﬁcial microbial activities that increase the soil carbon.
Increased soil carbon increases crop productivity, which in turn,
accelerates the production of biochar. The resulting economy
then expands in a spiral. When the spiral reaches a desirable
size, one applies the brake and transitions to a sustainable circular path. Indeed, if one factors the increase in soil carbon below
ground and increased growth of crops above ground, the estimate
that 261 billion tonnes of biochar need to be manufactured may
require revision. It could be that 100 billion tonnes of biochar
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would suﬃce to lower atmospheric CO2 by 100 ppm, in which
case the mean application rate is about 20 tonnes per hectare, for
which many studies have demonstrated good agricultural results.
The price tag for reversing climate change would decline correspondingly, or we could use the excess capacity in negative emissions to oﬀset fossil-fuel usage for aviation.

Conclusion
In this part of the article, we discussed how increasing energy
demands, depleting fossil fuel resources, rising atmospheric CO2
and decreasing soil carbon, and global climate change are posing
challenges to the world population. Biochar could emerge as a
viable one-stop solution to address all these issues. In the next
part of the article, we will discuss the carbonisation of biomass,
the two viable molten-salt technologies to produce biochar, and
the other socio-economic advantages of biochar.
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