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•
We are faced with an impending calamity that threatens to bankrupt the planet. This is one of those times when doing our best is not
enough. We must do what is necessary.
Global warming is one of the global stressors afflicting our world.
It is not the only one, though. And perhaps it is not even the main
one. There are others, such as water shortages and scarcity of fossil
fuel. What is on the table is the imminent withering of the planetary
ecosystem, and with it much of the manmade world.
Halting the emission of greenhouse gases is easy; it would have
taken all of one paragraph to spell it out. Doing so while keeping us
minimally comfortable is a different matter. In part, that’s what this
book is about. And at times, it won’t be all that comfortable. But then
again, when there is an environmentally-devastating asteroid heading
your way, you do what needs to be done. Nature cannot be negotiated
with. In part, that’s what this book is about, as well.
The blueprint laid out in this book contains the called-for breadth
of vision, laying out an utterly new course for our technological and
industrial engines. The plan is audacious, casting aside sacred cows
and calling for measures that will impinge upon our comfort. It cuts
through the haze, with immediately employable solutions. It goes
the distance, using myriad computations and models to validate the
content.
The intent here is a makeover of the manmade world within fifteen
years.
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It will cost a lot of money—if you must look at it this way. What
it really means is that a lot of people will have to perform. It will take
many millions rolling up their sleeves, but the means are at hand.
Neither the deliberate pursuit of profit nor the dynamics of existing governments quite lend themselves to getting us from here to
there. Had they been able to do so, they would have—during the
last half century, since the alarm bells first rang. Let’s put national
governments and current economic dynamics aside and consider what
actually needs to be done. Function will dictate form; these will be
what they need to be.
Get ready to embark on a powerful, demanding journey: with
tough choices and tougher numbers, permeated with the grit of concrete. It will be labor-intensive. It will be challenging. It will be taxing.
In short, it will be thrilling and meaningful. This is a call to action for
all the grownups out there to knuckle down and buckle up. It asks
of us to do the job that the adolescents of the past left for the adults
of the present to handle.
It is time we steer our civilization on a new course.

7

Energy
•
lower-impact technologies

transcontinental grids
Not every population center in the world has the needed energy
resources in its vicinity. Accounting for this, the plan calls for the
interconnection of myriad sources of energy with population centers
that are hundreds or thousands of kilometers apart.
Specifically, fourteen transcontinental energy regions would be
established and cover most of the land area of the world, and more
to the point, would service over 95 percent of the world’s population.
The backbone of each self-contained, transcontinental region is to
be a grid of ultra-high-power lines. Hence, the sunny Syrian Desert
will supply solar power that would serve people throughout the immediate vicinity and also all the way up to the northern reaches of its
designated region, at the Baltic Sea. Wind turbine installations in the
windy Great Plains of North America will provide power reaching all
the way to the population centers of the East Coast.
Every one of the transcontinental regions has its own specific needs
and its own distribution pattern of natural resources. As a case in point,
I will cover in detail one region: the North American region, which
encompasses the contiguous United States and the population centers
of Canada. Henceforth, the term “North America” refers not to the
continent of North America but to the energy region as delineated
37
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Figure 7.1. Fourteen world energy regions overlaid on a population-density map of the world.
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in figure 7.1. I chose to analyze this particular energy region because
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it has the most comprehensive statistics available.
The delineation of the planet to fourteen regions reflects population distribution on one hand and the distribution of wind and sun
resources on the other. The delineations also take into consideration
the existence of large mountain ranges, which may bar long-distance
transmission lines from passing through them.
The small population segments outside those energy regions would
be off the grid—as most of them are at present. More on that later.
Before we get down to the specifics, a few basic things about electricity need to be explained.
A power-generation plant has two figures useful for our purposes:
its capacity and its yield (“capacity factor”). The capacity is like the
diameter of a pipeline. The larger the diameter is, the more water—
that is, electrical current—can potentially pass through it at any given
time. How often and how much water is flowing in the pipeline is
another matter. A 100% yield (“capacity factor”) means that the pipe
provides water at its full capacity, day-in and day-out. No electricitygeneration technology is quite there. Nuclear is the closest, with an
average yield of 90%. In contrast, with solar photovoltaic power, the
metaphorical water flows only during daytime, when the sun is overhead. It dries up to none during the evening and throughout the night.
Hence, the power output of a photovoltaic array is intermittent, and
its yield is low, around 30%.
Capacity, the rate at which energy can be delivered, is measured
in watts. The total, actual energy produced or consumed is measured
with watt-hours—the very same thing that joules, Btu, and calories
measure. I chose to use the watt-hour unit when discussing electrical
energy.
Table 7.1
order of magnitudes, energy amounts

1,000 watt-hour (Wh) = 1 kilowatt-hour (kWh)
1,000 kilowatt-hour (kWh) = 1 megawatt-hour (MWh)
1,000 megawatt-hour (MWh) = 1 gigawatt-hour (GWh)
1,000 gigawatt-hour (GWh) = 1 terawatt-hour (TWh)
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What matters is the pattern of the yield: how often, how predictable,
how much. Ergo, what matters is the rate and frequency of power,
and how dependable its yield pattern is in a given twenty-four-hour
period and throughout the year.
Now we are ready to get down to business.
As stated, the plan calls for fourteen transcontinental electric grids.
Each energy grid would cover thousands of square miles, connecting
remote power plants from various sources to the myriad population
centers within a given region. This is very different from the existing
setup, where the power sources are on average no farther than 25‒50
miles from every household and destination.1
Under this plan, a grid of underground superconducting directcurrent (DC) cables would connect the power stations with the consumers. Superconducting cables are not your garden-variety transmission lines. They have an attribute that makes the whole scheme of
transcontinental grids possible.
The passage of an electric-current in conventional conductors,
made of aluminum or copper, incurs heat and energy-loss, as the
electrons responsible for the current continuously collide with the
atoms of the conductive metal and thus lose energy. Now, something
interesting happens when you cool a conductive material: it begins to
lose its resistance. Better yet, once the material is cooled sufficiently,
the resistance abruptly drops to zero, as the flowing electrons move
in an orderly fashion and do not collide with the atoms of the conductive metal.
This is a game changer. This makes it viable to generate power in
the Chihuahua Desert in southern Texas to serve customers in Toronto,
two thousand miles away—provided of course that the power line is
kept duly chilled along the way.
Most conductive materials need to get close to absolute zero2 before
they manifest zero electrical-resistance. Alas, it is virtually impossible to have a power line kept at close to absolute zero temperatures.
However, some conductive materials have zero-resistance at the relatively warmer temperature of 70 Kelvin.3 The foremost conductive
materials to have this property are two chemical compounds: yttrium
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barium copper oxide (YBCO) and bismuth strontium calcium copper
oxide (Bi-2223).4
This is very good news, as at 70 Kelvin, nitrogen is liquid under
a normal atmospheric pressure. Liquid nitrogen is a mature, readily
available technology, which can keep duly chilled the superconductive
cable made of either of these two compounds. A refrigerator unit is
to be placed every 5 to 10 kilometers to keep the liquid nitrogen at
temperatures between 66 to 70 Kelvin. Along the refrigerant units, a
series of pumps will keep the nitrogen flowing. Cryogenic, vacuum,
and refrigeration systems capable of meeting the capacity requirements
of long DC cables are in existence.
The technology of superconducting DC cables makes possible a
low-voltage transmission, as there is no need to compensate for transmission losses. This in turn makes it possible to incorporate a second
important piece of technology: voltage source converters (VSC). If
superconductor cables in this plan are the highways, the voltage source
converters are the on-ramps and off-ramps. They allow some power
to come off the main line and feed local, AC (alternating current)
transmission lines. Furthermore, with the VSCs this can be done in
precisely controlled amounts. These converters would be placed along
the cable route and let us feed the line from myriad power plants
along the way.
Another important attribute of the VSC technology is its ability to
reverse the flow of power. If the superconductor power line is cut, the
grid operators can reverse flow from that point to service the entire
circuit minus the very junction that is faulty. The loop design of the
grid (shown below) will assure that even if a point in the loop is cut or
otherwise malfunctions, the current will just flow the other way and
provide power for the entire length of the loop minus the very point
the power is severed. The VSC technology has been in operation since
1999 and is considered mature enough for a full-scale deployment.5
A report by the Electric Power Research Institute (EPRI) concluded
that a large grid of superconducting DC cables is practical and ready
using today’s technology.6 Another study finds that such cables, at
10–15 GW capacity, are indeed achievable but do require significant
design-optimization and equipment development.7 At present, our
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manufacturing and engineering facilities of superconducting cables
are Mickey Mouse class. Our claim to fame is a measly 660-meterlong superconducting AC cable at the Holbrook substation in Long
Island, New York, which has been in service since 2008. In addition
to the 660 meters we already have, we will need 182,000,000 meters
of superconducting cable for North America.
Figure 7.2. North America with the called-for

network of primary transmission lines.

It is not anything I would have put on the table if there was another,
more mature technology that fits the bill. There isn’t.
Well, there is an option B: high-voltage overhead lines carrying
direct current (HVDC). However, it is not exactly a mature technology, either. Furthermore, it has an ugly and a considerable footprint
in the form of giant pylons that, with projected power needs, would
require over one hundred-meter-wide corridors. Even at their highest commercially-available voltage, the direct-current overhead lines
lose considerably more of the transmitted power along the way.8
Furthermore, having superconducting DC cables would also eliminate the accompanying risks of possible damage due to ice, snow,
lightning, and tornadoes. When the power is all underground, one
doesn’t have to worry that a tornado will knock out the power line
supplying power for tens of millions of people. With underground
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superconducting DC cables there is no electromagnetic radiation to
speak of, either.
There is some toll-road fee for getting the power on the main
DC power line of such a grid and transferring it back to AC as it is
siphoned off at some locality. It also takes some power to keep the
nitrogen chilled and moving. Not too much, though. Whenever some
electric current leaves the highway via a VSC off-ramp to connect with
a local AC grid, there is a 1.5 percent toll on that energy. In addition,
we would lose 20 MWh per 1,000 km of cable, due to the power
required for refrigeration along the way. However, this is 0.4 percent
of the anticipated power per 1,000 km of cable (i.e., 20 MWh out of
the transmitted 5,000 MWh).9
Fancy a superconducting tape. The heart and soul of the tape is
a superconducting material, 1 micron thick, sandwiched by layers of
steel, silver, and copper. For one meter of superconducting cable, there
is a need to wind within it 115 meters worth of this superconducting
tape. The tape is wound around a hollow core in which super-chilled
nitrogen is flowing. Around the tape is a shielding copper, more cooling nitrogen, a layer of insulating vacuum, and a layer of insulation.
In all, about a 20-cm-thick cable to support 1-micron-thick superconducting material that makes the whole thing work.10 (See figure 7.3.)
Figure 7.3. A cross section of a superconducting cable.

Source: courtesy of Nexans, Inc.
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The cable would come in 100–500 meter long sleeves, in effect
self-contained segments. Thus, if a cable is punctured and there is
a vacuum breach, only a given segment would be affected—not a
3,000-kilometer cable stretch. In such an eventuality, the segment can
be replaced with another or be repaired on site. There is no need for
a trench; it is possible to drill horizontally underground and pull the
cable through, leaving the surface undisturbed. It is to be a bipolar
system made of a pair of cables laying side by side, about 0.5 meters
apart. In some nodes of the grid, two bipolar pairs would be required.
In other nodes, as many as five pairs would be needed. Each pair of
cables would be set 10 to 50 meters apart to reduce the chance that
more than one set of cables would be damaged in any given instance.
All considered, I will assume each cable within the pair has a 5 GW
capacity, which is currently feasible.11
We have the basic technological building blocks for the above
scenario engineered out in recent years; we have plenty of people
that can be trained; we have all the needed raw materials; and we
have about fifteen years to lay down the most sophisticated and farreaching grid ever devised.
Energy needs of North America
Come 2027, how much juice would North America need every hour
of the year?
For arriving at the electricity needs of 2027, I used as a basis the
energy projection for that year done by the US Energy Information
Administration in their Annual Energy Outlook, using the National
Energy Modeling System. I assume that, come 2027, technology and
products offered to the public will only be the energy-efficient variety.
Therefore, I used the agency’s Best Technology Case projection, which
assumes exactly that. This projection also accounts for the anticipated
population growth. While this plan assumes a decline in population
numbers (see the twelfth chapter [“Consumption”]), I went along
with the population increase assumed by the US Energy Information
Administration all the same.
The projected energy needs for the year 2027 in North America
depart in various ways from the Best Technology Case to better reflect
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the assumed improvement in housing technology and overall energy
restructuring indicated in other chapters.
What follows is a series of tables.
Table 7.2
energy needs,
residential, USA

2008

2027

space heating
& cooling

4,465 trillion Btu

3,000 trillion Btu

water heatinga

1,440 trillion Btu

525 trillion Btu

250 trillion Btu

296 trillion Btu

70 trillion Btu

83 trillion Btu

427 trillion Btu

506 trillion Btu

cooking
drying clothes
other needs
electricity

1,380 TWh

1,222 TWh

...

1,779 TWh

Total

aReduction of 25% due to solar water heaters on rooftops.

Table 7.3
energy needs,
commercial, USA

2008

2027

space heating

1,797 trillion Btu

1,400 trillion Btu

water heating

460 trillion Btu

409 trillion Btu

cooling

30 trillion Btu

36 trillion Btu

cooking

170 trillion Btu

201 trillion Btu

other uses

1,291 trillion Btu

1,530 trillion Btu

other fuels

290 trillion Btu

344 trillion Btu

electricity
Total

1,442 TWh

1,454 TWh

...

2,027 TWh

In both residential and commercial sectors, the big change is the
electrification of all the heating devices. First I extrapolated future
heating needs, and then I computed their anticipated electrical equivalents. One watt-hour is the same as 3.41 Btu.
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Table 7.4.
energy needs,
industrial, USA

2008

2027

electricity

1,114 TWh

1,159 TWh

fossil fuel (excluding
nonfuel feedstock)

8,339 trillion Btu

8,650 trillion Btu

...

Total

3,186 TWh

Note: assuming gas heating process would be in 2026 at 80% efficency average, while resistence heating is at 100%. And so it is a 20% reduction of 2026
projected Btu figures for non electrical usage.

From all the sectors, the projection of the industrial sector is on
the most shaky ground. The called-for technological and economic
changes are so sweeping that it is hard to project the resultant power
needs. Entire industries, such as those related to fossil fuel, would go
by the wayside, while new industries, such as those related to new
forms of energy and to recycling, would come online. In the end, I
suspect that the actual power consumption would be less than suggested here due to a marked decrease in consumption in the private
sector. More on this in the twelfth chapter (“Consumption”).
Table 7.5
energy needs, transportation, Canada and USA

passenger cars
motorcycles

2027

333 TWh
1 TWh

buses

35 TWh

vans, pickups, SUVs

557 TWh

passenger trainsa

204 TWh

freight trains

121 TWh

b

trucks, class 4 and 5
Total

86 TWh
1,337 TWh

Notes: I assume that passenger cars require 0.19 kWh for 1 km of driving. Motorcycles
require 0.04 kWh for 1 km of driving. Buses require 0.55 kWh for 1 km of driving.
Vans and SUVs require 0.34 kWh for 1 km of driving. Trucks class 4 and 5 require 0.57
kWh for 1 km of driving. I assume and factor in a 12% loss of electricity en route to
the battery. For passenger trains, I assume 0.08 kWh per passenger km. For freight
trains, I assume 0.07 kWh per ton per kilometer. For power requirements of trains,
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the source is Matthew Wright and Patrick Hearps, Australian Sustainable Energy: Zero
Carbon Australia Stationary Energy Plan (The University of Melbourne Energy Research
Institute: Beyond Zero Emissions, 2010), 135.
aWith the elimination of domestic flights and with the introduction of high-speed bullet trains I assume that in the United States, numbers will go from about 583 billion
passenger miles to 1,492 billion passenger miles.
bKey assumptions: 38% of the existing freight traffic would be eliminated as it is currently used in the freight of coal.

For the above transportation table, there is no 2008 equivalent, as
the motor vehicle fleet of 2008 is largely running on fuel combustion,
not on electricity.
As a basis, I use existing numbers of total vehicle-miles12 for both
urban and rural roads adjusted to projected population growth. I make
further adjustments to the various vehicle-miles categories based on
the significant transportation changes described in the fifth chapter
(“Transportation”).
Table 7.5 can be split into two consumption categories: those vehicles that feed in real-time (rail-based, such as trains), and those that
have batteries (e.g., cars and buses), which can be charged at off-peak
times. This is a very important distinction when we come to ascertain
the total power generation needs of the region.
Table 7.6
total hydrogen needs, USA + Canada

2027

boats

3,642,000 tons per year

trucks

14,204,000 tons per year

annual hydrogen / electricity to generate it 17,846,000.tons / 892,000 GWh
daily hydrogen / electricity to generate it

48,890 tons / 2,440 GWh

Regarding boats, I assume that marine fuel in the United States
comes to about 7.4 billion gallons annually. Due to equipping some
boats with a kite, I shaved 22.5% of the energy needs. I conservatively
deducted 10% of the portion taken up by nuclear propulsion. Then I
added the Canadian portion (6.6%) and computed the total needed
fuel in tons of hydrogen. In the context of boats, the key assumption
is that 1,000 gallons of diesel fuel is the energy equivalent of 609
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kilograms of hydrogen. The total hydrogen requirement for all boats
comes to about 3.64 million tons of hydrogen.
When it comes to heavy trucks that are to run on hydrogen, the
pertinent assumptions are these: In 2009, heavy trucks in the United
States required about 25.5 billion gallons of fuel. One gallon of diesel
averages 4.8 highway miles for a class-8 truck, while one kilogram
of hydrogen averages 6 highway miles. This is in effect the key for
conversion of diesel fuel to hydrogen (1.25 gallons of gasoline is the
energy equivalent, in this context, to 1 kilogram of hydrogen). I made
a further adjustment to account for anticipated changes in transportation patterns and the anticipated introduction of fuel-saving measures.
Finally, I added the Canadian portion and accounted for the energy
required for transport of the hydrogen (1%) to the truck stops. It
came to about 14.2 million tons of hydrogen. Assuming it takes 50
MWh to produce and duly compress one ton of hydrogen, it means
that the total required electricity to produce all needed hydrogen is
about 892 TWh.
However, all of it will come from excess electrical generation and
won’t need to be budgeted for in the generation capacity or grid
demand. More on this later in the chapter.
Table 7.7
summary, projected power needs for the year 2027 for North America

commercial, industrial, and residential sectors of USA

6,992 TWh

with the addition of the Canada portiona

7,910 TWh

with the addition of transportation sector of USA and Canada

9,247 TWh

minus Canada's and USA's outlying areas
(i.e., Hawaii, Alaska, northern Canada)

9,173 TWh

added electricity to compensate for transmission lossesb

13% of
consumption

Grand Total for North America

10,365 TWh

aWith the existing energy usage of Canada, I assume that the Canadian portion is
13.1% of the U.S. one.
bLargely due to local, existing AC transmission losses.
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The projection is that we will need a total of 10,365 TWh in North
America for the year 2027. This is well over twice our current consumption of electricity. This is to be expected, as we electrify transportation, heating, and practically everything else that is currently using
combustion as a source of power. This also assumes that we will have
a population larger than that of the present time.
In coming to determine our electric generation needs, the annual
total (10,365 TWh) is of little use. What matters is how much we need
at any given time. Had the required total (10,365 TWh) been spread
evenly throughout all the 8,760 hours of the year, it would come to
1,162 GWh per hour. However, power consumption is never spread
evenly. The hourly demand varies, depending on the time of the day,
the day of the week, and the season.
While the volume may change, the pattern in western countries
is fairly standard: evenings are busier than mid-days, and the hours
after midnight are the least busy.
As there are no national hourly statistics for the United States, I
have used as a basis the national hourly pattern of Ireland.
I took the existing consumption patterns and scaled them up so
that in total they would come to 10,365 TWh. Once the total for the
year matched that of our projection, I took note of the derived hourly
usage values. As it turns out, demand on the North America grid
would range from 600 GWh in low, off-peak hours to 2,000 GWh
for the busiest hours of the year. (See figure 7.4.)
Therefore, whatever generation capacity we are to establish, it has
to provide for this usage pattern, which ranges from 600 to 2,000
GWh. And on top of that, we need to factor in the unexpected.
As there is a considerable amount of flexibility around what battery
is to be charged at what time, I scheduled the charging of batteries in
the hours in which the grid has a lot of power with no takers. Basically,
this lets us run the entire fleet of public and private battery-operated
vehicles without the need for any additional generation capacity—
about 1,012 TWh worth of energy. Thus, in truth, I scaled up the
Ireland power consumption power to 9,353 TWh and than tacked
the 1,012 TWh in key hours of each day.

2027, August, projected demand in North America

2027, January, projected demand in North America
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Figure 7.5

This very deliberate battery charging schedule accounts for the
unusual spikes in demand in the daily-demands graph shown in figure
7.5. This is all behind-the-scenes, hands-off operation; the vehicle is
plugged in for the night or otherwise for a certain amount of hours
and the user does not need to get involved in the how and when. All
they need to know or care about is that come morning or the end of
the workday, the car is fully charged.
Now that we have arrived at an estimated power demand of North
America, it is time to see how we are going to meet it. Let’s start with
the technologies that currently provide the vast majority of power in
the region.
eXisting power-generAtion technologies
At present, belching coal and natural-gas power plants generate the vast
majority of electricity in North America. By 2027, all of these power
plants would be shut down, get decommissioned, and perhaps be
converted to memorials or penitentiaries. They already look the part.
Joining them would be the concrete walls bottling up the rivers;
they are to be torn down.
The need to do away with coal and natural-gas power plants is clear
as a bell in the context of climate change. The tearing down of dams
requires some explanation.
Rivers are the veins and arteries of the planet. They carry off toxins
and provide nourishment. Dams clog those arteries.
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There are good reasons to be done with dams.13 Their removal
has shown to promote the rehabilitation of native species14 with an
overall upturn in species diversity.15 Dam removal would restore lowflow periods of the river. This in turn would promote vegetation
growth, which improves the spawning habitat for fish in the area.16
A reservoir may separate into several layers of water with varying
temperatures due to increase in water depth and decrease in flow
velocity created by a dam. Dam removal can restore a river’s natural
water temperature range.17 Sediment transport to the river system
could also resume. The largest and coarser sediments facilitate population growth of some native fish species.18 Gravel or stones that were
previously covered under fine sediments would be re-exposed and
provide new colonization habitats for aquatic insects and revitalized
spawning habitats for fish. Lastly, reproduction success, which often
depends on appropriate timing for reaching spawning or breeding
habitats, would be improved by the removal of dams that prevent the
migration of aquatic organisms.
In conclusion, natural gas would go; coal would go; dams would go.
Nuclear would stay, though.
At the moment, there are 122 working nuclear plants in North
America. With the additional 10.3 gigawatt capacity projected to come
online by 2020, we can assume a total generation of 968,800 GWh
from nuclear plants per year. More to the point, we can count on a
fairly steady 110 GWh output each hour.
Providing but 8 percent of the projected needs, the existing nuclear
plants won’t make too much of a dent. But these workhorses are virtually emissions-free and have been reliably chugging along year-in,
year-out; decade-in, decade-out. Waste not, want not. This excludes
any nuclear plant that would not meet stringent safety standards—
whether due to a potentially hazardous location, lack of a containment
building, or the such.
We even have enough uranium to keep them running. The OECD
Nuclear Energy Agency estimates total global uranium identified
resources to be 6.3 million tons. The current annual worldwide output of all nuclear plants is about 2,731 TWh. Combined, the world’s
fleet of nuclear plants consumes 68,000 tons of uranium annually.
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We would have finished the entire known resources of uranium in
less than ten years had we run the world entirely with existing nuclear
technology.19 Nasty, but the plan does not call on nuclear plants
beyond those in existence or under construction. Current uranium
reserves will supply the existing nuclear plants for fifty years with a
lot left over, which suits the plan. For the next fifty years, about half
of the uranium will run the nuclear plants; a big chunk of the rest
will fuel the larger marine vessels as discussed in the fifth chapter
(“Transportation”); and the rest will be allocated to micro nuclear
plants in the sparse regions outside the fourteen blocks where the
sun and wind won’t quite suffice—much as the pending proposal of a
micro nuclear plant in Galina, Alaska. More on this later in the chapter.
After fifty years, it is highly likely we would find more uranium.
But as will be explained toward the end of this chapter, whether we
find more uranium or not may matter little.
Wind turbines
Almost always, electric power is generated by spinning a turbine. In
the case of wind power technology, the wind does the spinning. The
power-generation process of wind turbines is as straightforward as
it gets.
A computer-controlled motor positions the three gigantic blades
of a modern wind-turbine into the wind. The airfoil shape of the
blades causes uneven air pressure, which in turn prompts the blades
to rotate around the center of the turbine. The rotating blades spin an
attached shaft. The shaft moves a series of gears at a greatly amplified
speed, and these gears turn an electric generator. Voilà: electricity is
produced. Alternatively, some manufacturers (e.g., Enercon) offer
wind turbines with a gearless, direct-drive mechanism. Fewer rotating parts reduce mechanical stress and at the same time lengthen the
service lifetime of the wind turbine.
Generally, a turbine will start producing power in 8-mph winds (≈
3.5 m/s) and reach maximum power output at about 27-mph winds (≈
12 m/s). Windier conditions won’t increase electrical output. At around
56-mph winds (≈ 25 m/s), the turbine calls it a day and shuts down
until the strong gales subside. It can be described thus: the turbine
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starts generating electricity under gentle breezes; peak performance
is reached and plateaus at strong-breeze conditions; and the wind
turbine has to shut down under a full gale, that is, storm-force winds.
A dozen sensors help the controlling software to regulate the power
output and rotor speed in order to prevent overloading the structural
components of the wind turbine. And in overly high winds, the controller software rotates the blades out of the wind’s way.
A modern wind turbine is large: just the tower that the turbine
is mounted on can reach 100 meters (≈ 330 feet). The height of the
tower is not in order for the turbine to avail itself of a better view
but to access the more steady and forceful winds of higher altitudes.
The blades of a wind turbine are impressive in their own right; each
may be 50 meters in length (≈ 165 feet). They are made of advanced
fiberglass composites possibly reinforced with carbon. The tower itself
is constructed of steel.
Fancy a 100-meter-tall steel pole with three massive blades rotating
by wind power and getting a turbine to spin and generate electricity
along the way. Fancy hundreds of thousands of such hulks next to
each other. Had such an array been installed at sea along the shoreline,
it would have formed what appears from shore to be an unbroken
wall that irrevocably would alter our experience of the open sea. This
cluster of wind turbines would be somewhat reminiscent of the towering fence structure in the movie King Kong.
Wind turbines widely interspersed throughout the vast farmland
regions of the world would aesthetically be a different proposition.
We can do farmlands. The only question is where ample winds are
to be found.
There are good to excellent wind resources in some regions: in
the Great Plains (North America), Patagonia (South America), the
Horn of Africa, Scotland, southern Morocco, Gobi (northern China),
Norway, and northern Chad.
Averaging data from dozens of modern wind farms, the permanent footprint of a wind turbine comes to 4,300 square meters (≈
one acre). About 80 percent of that is taken up by access roads, and
most of the rest comes from the substation and the concrete foundation for the pole. In addition to the permanent footprint, temporary
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disturbances seem to average either around 29,000 square meters
(≈ 7 acres) or around 9,700 square meters (≈ 2.3 acres) per wind turbine. This depends on the terrain and possibly on the design of the
wind farm. The temporary footprint is associated with the wind-farm
construction (e.g., temporary roads and staging).
Smaller turbines, such as 1 MW (megawatt) wind turbines, don’t
give one all the possible bang for the buck. Jumbo turbines like the
7.5 MW Enercon E-126 are too big for some sites. And within reason, the more turbines on the grid, the more their combined yield
smoothes the erratic energy yields of the individual turbines. There
are considerations either way for what particular size of turbine is to
be used for a given location. For the purpose of arriving at projected
estimates, I have relied upon a one-size-fits-all model: a mid-range
turbine such as the ev100 model by Eviag with a 100-meter-high pole
and 2.5 MW rated capacity.
After studying dozens of modern wind-farm configurations, I
arrived at an average distribution of 1.85 wind turbines per square
km for 2.5 MW wind turbines.20 Based on the performance of the
Eviag’s ev100, it appears that a 2.5 MW turbine has a 42% capacity
factor at 7.5 meters-per-second winds, and 50% capacity at 8.5 metersper-second winds. For the North American region, the deployment
of the wind turbines is to take place in the Great Plains, where wind
speeds at 100 meter height typically range from 7.5 to 8.5 meters per
second. Hence, I assume an average generation-output at 45% capacity. This means that a square kilometer, averaging 1.85 wind turbines,
would yield 18.2 GWh annually (while each individual turbine yields
around 9.9 GWh annually).
If the total annual electrical demands in North America would
be 10,365 TWh, as projected, there would be a need for just over one
million 2.5 GW capacity wind-turbines in the Great Plains, which,
combined, would produce an average of 1,183 GWh each hour.
Unfortunately, an average is not cutting it.
Given the intermittent and highly variable nature of wind, the output pattern of a single wind turbine is just plain awful. Unfortunately,
a field of wind turbines is better than a single wind turbine only
in the sense that eight consecutive life sentences for a criminal are
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better than twenty consecutive life sentences. The best to be had is
a transcontinental array of wind farms spanning thousands of miles,
where the weather pattern of one area is independent and at times
negates those of other areas. An array of hundreds of thousands of
wind turbines scattered over vast distances and all feeding the power
grid would smooth out some of the fluctuations.
To create a simulation of wind-turbine deployment in North
America, I have used actual data of the entire array of wind farms in
Denmark and that of Ireland and that of Australia for every hour of
the year and then created a unified, harmonized composite of their
total electrical output.
Figure 7.6

Studying the simulation in figure 7.6, the kindest thing that can
be said is that the wind always blows somewhere. But otherwise, to
provide sufficient energy at every hour of the year requires what for
most of the time proves to be an incredible amount of excess generation-capacity. Many times the generated electricity could exceed
the needs of the moment by a factor of three. However, a chain is as
strong only as the weakest link. In this case, a grid comprised solely
of wind turbines is only as viable as the lowest output it is likely to
generate at any one point throughout the year.
In concrete terms, it means that to run North America solely on
wind would require 3.6 million large wind turbines. This figure is
based on the simulation above. At 1.85 turbines per square kilometer,
this array will be deployed on over 1.9 million square kilometers—an
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area about the size of Mexico. Yes, at times the combined output of
this array could reach staggering output levels of 7,000 to 8,000 GWh
hourly, but far less than that can really be counted on.
Unfortunately, even if we were willing to commit to a 100% wind
penetration scenario, it should not be done. And there are two very
good reasons.
First, it is alleged that a few decades ago there was one week in
which the wind did not blow in the United States at all, not enough
to turn a turbine blade, at any rate. One does not design a grid with
the prospect of shutting it down for a week—not even once every
few decades. This entire setup is worse than useless to us if the wind
does not blow for one straight week. We cannot shut down North
America for seven days and make up for it the following week with
some excess electricity.
Second, it seems that operating a lot of wind turbines is not all
that good for the planet.
Wind turbine deployment at those levels would entail extraction
of a significant portion of the energy embodied in winds. Millions
of giant turbines collectively soaking up a big portion of the winds
of our world, debilitating them, would have real repercussions on
weather patterns, and none for the better.
A modeling study calculated the effect of covering the Midwest
with an array of wind farms containing millions of wind turbines. On
average, the study found that wind speeds were lowered by 5.5–6.7
miles per hour immediately downwind of the giant machines. More
significantly, the wind turbines caused large-scale disruptions of air
currents, which rippled out like waves leading to substantial changes
in the strength, motion, and timing of storms over the entire North
Atlantic. And indeed, scientists have noted considerable warming in
west-central Texas—the home of massive wind farm installations.21
Much is unknown, but what is suggested in the study above urges
prudence. The plan aims to stay far below the magnitude of the windturbine array modeled in the study. Making a judgment call, I put the
cap on wind turbines installed in North America at the equivalent of
250,000 turbines, 2.5 MW capacity each. In other words, a combined
total capacity is to be capped at 625,000 MW.

58

Part II: MITIGATION

Another problem is that wind turbines have been killing bats in
unprecedented numbers.22 And as the bats die, the population of pest
insects is likely to rise.23 It is bad no matter how we care to look at it.
Yet, I reckon there is more to gain than to lose if we keep the wind
turbines. Incidentally, the weight of evidence suggests no association
between noise from wind turbines and psychological distress or mental
health problems in humans.24
As of 2011, the total installed capacity of wind turbines in the
United States was 42,432 MW.
As it turns out, there is a creative way to put to good use the energy
generated by the whimsical wind turbines, but we first have to introduce and set in place the other members of the energy-generation
team for the year 2027.
solar power towers
Without a doubt, solar power towers are to be the backbone of the
entire power-generation scheme. They have the incredibly useful
capability to take in the sun's rays and provide energy at noon on an
August summer day and also in the middle of a frigid night in January.
There are other concentrated solar power technologies; however, I
deem the solar power tower to be the most suitable.25 The solar power
tower is a fairly recent technology, and it comes in a few flavors. At
the moment, the only commercial plant that has the technology suitable for our needs is the Gemasolar plant in Spain, which became
operational in 2011. However, the Gemasolar is a pint-sized installation.
Furthermore, it is optimized and designed to have but a secondary
role in the local grid. A few larger installations, more in line with what
the plan calls for, such as the Rice Solar Energy Project and Ivanpah
Solar Power Facility, have been announced or are under construction.
The mechanics of a power tower are straightforward enough.
Thousands of tracking, moveable mirrors—called heliostats—follow the sun’s path throughout the day. In tandem, they reflect the
sun’s rays, directing them to a bank of tubes located on top of a central
receiver tower at the heart of the installation. The tubes contain molten
salt, which the converging rays of the sun heat up to a sizzling 565°C
(≈1,050°F). Subsequently, the molten salt flows down into a storage
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tank. Later, the heat embodied in the salt is used to generate steam
and electricity in the traditional fashion. However, in the interim,
the tank stores the molten salt until it is time to generate electricity.
This is a big deal. Essentially, this decouples power generation from
the capture of solar energy. This makes it possible to have power on
demand, both when the sun is shining and when it is not.
When electricity is to be generated by the solar power tower, the
superhot salt is routed from the storage tank to heat exchangers. The
resultant steam is then used to generate electricity in a conventional
steam turbine cycle that is found in coal or natural gas power stations.26 The heat energy extracted from the molten salt in the exchanger
brings it down to 290°C (≈555°F), a temperature at which the salt still
remains molten. After exiting the steam generation system, the cooler
molten-salt is routed to a second insulated storage tank where it waits.
When it is needed, the salt goes up the tower via pipes for reheating
to blistering temperatures again.
The solar power tower is to have dual salt storage units that together
provide up to 17 hours of storage, 17 hours of reserve power. The salt
used in a solar power tower is a mix of 60% sodium nitrate with 40%
potassium nitrate. These minerals are abundant. Nitrate salts are made
by the oxidation of ammonia, while sodium and potassium are very
common components of the Earth’s crust. This is today. Halotechnics
has discovered and is developing glass material that can operate at
much higher temperatures (1,200°C), which would allow the turbines
to operate at higher efficiencies and thus require fewer mirrors to
produce the same yield. That may translate to 15%–20% less overall
footprint for the solar power towers than reckoned for here.
The molten salt can be kept in reserve to be used as needed in
a molten state for at least one week before it would inch down to
dangerously low temperatures and turn solid within the pipes. In the
liquid state, salt has a viscosity and appearance similar to that of water
and has several highly beneficial properties in solar power applications.
First, liquid salt has highly efficient heat transfer properties, and it
retains heat for long periods with minimal losses. Second, the salt can
be heated to high temperatures without any degradation, resulting in
efficient energy storage and electricity production systems.
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The following specifications scale up the tower technology as far
as it can go without reaching diminishing returns.
Each heliostat is to be comprised of a multitude of mirror panels
that are laid out together, forming one large 12.2 × 12.2 meter reflective expanse (148 m2).27 This is about half the size of a standard movie
theater screen. Each 6-ton heliostat unit would be mounted on a
steel pedestal which in turn would be anchored down to a concrete
foundation.
Each installation would have about 18,500 such heliostat units,
arranged in 10 radial zones. The farthest zone is about 2 kilometers
away from the central tower. The total power plant area is 1,340 hectare (≈ 3,300 acres), spanning about 4 kilometers from edge to edge.
The central receiver tower within each installation is to be a steel
lattice tower,28 much as the Eiffel Tower is. And as it happens, with a
required 327 meters in height (≈ 1,070 ft.), the receiver tower would
also be about the same height as the Eiffel. The height ensures that
the reflected energy from the heliostats at the outermost edge of the
solar array will have enough of an angle to reach the receiver on top
of the tower.
The turbine is to have a gross capacity of 135 MW.
In order for the solar installation to provide power around the clock,
we will need two fully independent facilities working in concert. So
everything I have just described is to be multiplied by two. One facility would be tuned up and configured to generate energy during the
night, the other would take care of the day—thus ensuring twentyfour hours of continuous power supply. To my knowledge, the idea
of two solar towers working thus in tandem is novel.
Using the reserves of molten salt, the charge of the nighttime
installation would be to provide juice during the night time, with a
distant second goal of producing energy during the day. The charge
of the daytime installation is the reverse. It kicks into a high gear
during the hours that the night installation is at low ebb. Together,
the two installations complement each other. Together, they provide
continuous power.
During the summer months, the tower installations would generate enough energy to come out of our collective ears, day and night.
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However, during the winter months, there is a need to control the
amount of molten salt that is released in any given hour of the night,
when the sun is not supplying the system with any additional source
of heat.
It requires a creative and stringent regimen to coax electricity in the
cold months from the relatively limited supply of pitch-hot molten
salt that is in storage once the sun sets. Too much released at any one
time will not leave molten salt in sufficient amounts for subsequent
hours of the night. It is a balancing act.
Both the nighttime and the daytime installations aim to provide a
steady generation of energy during the night hours and the day hours,
respectively. In the night installation, you release but scant quantities
of molten salt during the day, just enough to provide for internal
operation requirements of the plant. You open up the machines in
earnest in the late afternoon hours. Every month of the year calls for
a somewhat different 24-hour schedule of molten-salt release, depending on the amount of sunlight available. In some winter months, a
night installation may open the valves all the way around 4:00 p.m.
and cut them to 25% output around midnight. Summer months have
more play. It is possible to start with valves wide open around 5:00
p.m. and keep at it up until 1:00 a.m., dropping then just one notch,
down to 90% output capacity. The amount of pitch-hot salt during
the summer months is so considerable that even keeping the valves
wide open will still see considerable levels of power output in the
pre-dawn hours, when the reserves are at their lowest levels.
If every day, or every second day, was sunny, the above scenario
would be sufficient. However, this is not the case. There are many consecutive days that are cloudy, at which time the reserves of salt would
run down and with them the power output. To assure a continuous
power supply throughout the year irrespective of local weather, there
is a need for a network of such tower installations, scattered over many
hundreds or thousands of kilometers. It may be rainy for a few days
in one location or in two. But it is not cloudy everywhere for days on
end, at least not in arid or semi-arid regions.
Thus, between many thousands of installations, each with a seventeen-hour reserve of molten salt, we can achieve year-round energy

62

Part II: MITIGATION

for the entire North American grid. Between weather variability spanning vast distances and the ability to store energy for many days at a
time, this network of power tower plants would do the trick. I know,
I modeled this.
I ran a simulation on every temperature, cloud coverage, solar
radiation, humidity, and wind parameter of every hour of the year
in a number of key locations around North America: in all, about
sixty-five different meteorological parameters for each hour of the
year for each location. I used a meteorological data set that had been
carefully chosen to typify the weather in given locations sampled
over decades.29 I optimized the hourly power output for every hour
of the day, for every month of the year, and for every one of the five
different regions. Then I combined it all into one energy-generation
composite and reviewed the resultant hourly energy outcome against
anticipated demand for every hour of the year. The damn thing works.

