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COAL PLANT 12.5%  (46 DAYS)             WIND TURBINE 2% (7 DAYS)             PHOTOVOLTAIC PLANT 2% (7 DAYS)

AVERAGE DOWNTIME FOR ANNUAL MAINTENANCE
DAYS PER YEAR

CLEAN ELECTRICITY 24/7

    GEOTHERMAL WIND             SOLAR         HYDRO

40

TIME OF DAY

POWER (GW)

0 1 2 3 4 5 6 7 8 9 10 11 NOON 13 14 15 16 17 18 19 20 21 22 23

20

5

Smart Mix for Reliability
A new infrastructure must provide energy on 
demand at least as reliably as the existing infra-
structure. WWS technologies generally suffer 
less downtime than traditional sources. The 
average U.S. coal plant is offl ine 12.5 percent of 
the year for scheduled and unscheduled mainte-
nance. Modern wind turbines have a down time 
of less than 2 percent on land and less than 5 per-
cent at sea. Photovoltaic systems are also at less 
than 2 percent. Moreover, when an individual 
wind, solar or wave device is down, only a small 
fraction of production is affected; when a coal, 
nuclear or natural gas plant goes offl ine, a large 
chunk of generation is lost. 

The main WWS challenge is that the wind 
does not always blow and the sun does not al-
ways shine in a given location. Intermittency 
problems can be mitigated by a smart balance of 
sources, such as generating a base supply from 
steady geothermal or tidal power, relying on 

wind at night when it is often plentiful, using so-
lar by day and turning to a reliable source such 
as hydroelectric that can be turned on and off 
quickly to smooth out supply or meet peak de-
mand. For example, interconnecting wind farms 
that are only 100 to 200 miles apart can com-
pensate for hours of zero power at any one farm 
should the wind not be blowing there. Also help-
ful is interconnecting geographically dispersed 
sources so they can back up one another, install-
ing smart electric meters in homes that automati-
cally recharge electric vehicles when demand is 
low and building facilities that store power for 
later use . 

Because the wind often blows during stormy 
conditions when the sun does not shine and the 
sun often shines on calm days with little wind, 
combining wind and solar can go a long way to-
ward meeting demand, especially when geother-
mal provides a steady base and hydroelectric can 
be called on to fi ll in the gaps. 

 CALIFORNIA CASE STUDY: To 
show the power of combining 
resources, Graeme Hoste of Stan-
ford University recently calculated 
how a mix of four renewable 
sources, in 2020, could generate 
100 percent of California’s
electricity around the clock, on a 
typical July day. The hydroelectric 
capacity needed is already in place.
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As Cheap as Coal
The mix of WWS sources in our plan can reli-
ably supply the residential, commercial, indus-
trial and transportation sectors. The logical next 
question is whether the power would be afford-
able. For each technology, we calculated how 
much it would cost a producer to generate pow-
er and transmit it across the grid. We included 
the annualized cost of capital, land, operations, 
maintenance, energy storage to help offset inter-
mittent supply, and transmission. Today the cost 
of wind, geothermal and hydroelectric are all 
less than seven cents a kilowatt-hour (¢/kWh); 
wave and solar are higher. But by 2020 and 
beyond wind, wave and hydro are expected to 
be 4¢/kWh or less. 

For comparison, the average cost in the U.S. 

in 2007 of conventional power generation and 
transmission was about 7¢/kWh, and it is pro-
jected to be 8¢/kWh in 2020. Power from wind 
turbines, for example, already costs about the 
same or less than it does from a new coal or nat-
ural gas plant, and in the future wind power is 
expected to be the least costly of all options. The 
competitive cost of wind has made it the second-
largest source of new electric power generation 
 in the U.S. for the past three years, behind natu-
ral gas and ahead of coal.

Solar power is relatively expensive now but 
should be competitive as early as 2020. A care-
ful analysis by Vasilis Fthenakis of Brookhaven 
National Laboratory indicates that within 10 
years, photovoltaic system costs could drop to 
about 10¢/kWh, including long-distance trans-
mission and the cost of compressed-air storage 
of power for use at night. The same analysis es-
timates that concentrated solar power systems 
with enough thermal storage to generate elec-
tricity 24 hours a day in spring, summer and fall 
could deliver electricity at 10¢/kWh or less .

Transportation in a WWS world will be driv-
en by batteries or fuel cells, so we should com-
pare the economics of these electric vehicles with 
that of internal-combustion-engine vehicles. De-
tailed analyses by one of us (Delucchi) and Tim 
Lipman of the University of California, Berkeley, 
have indicated that mass-produced electric vehi-
cles with advanced lithium-ion or nickel metal-
hydride batteries could have a full lifetime cost 
per mile (including battery replacements) that is 
comparable with that of a gasoline vehicle, when 
gasoline sells for more than $2 a gallon.

When the so-called externality costs (the 
monetary value of damages to human health, 
the environment and climate) of fossil-fuel gen-
eration are taken into account, WWS technolo-
gies become even more cost-competitive. 

Overall construction cost for a WWS system 
might be on the order of $100 trillion worldwide, 
over 20 years, not including transmission. But 
this is not money handed out by governments or 
consumers. It is investment that is paid back 
through the sale of electricity and energy. And 
again, relying on traditional sources would raise 
output from 12.5 to 16.9 TW, requiring thou-
sands more of those plants, costing roughly $10 
trillion, not to mention tens of trillions of dollars 
more in health, environmental and security costs. 
The WWS plan gives the world a new, clean, ef-
fi cient energy system rather than an old, dirty, in-
effi cient one.

U.S. AVERAGE FOR FOSSIL AND NUCLEAR 8

CENTS PER KILOWATT-HOUR, IN 2007 DOLLARS

COST TO GENERATE AND TRANSMIT POWER IN 2020
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 COAL MINERS and other fossil-
fuel workers, unions and lobby-
ists are likely to resist a trans-
formation to clean energy; 
political leaders will have to 
champion the cause.

Political Will
Our analyses strongly suggest that the costs of 
WWS will become competitive with traditional 
sources. In the interim, however, certain forms 
of WWS power will be signifi cantly more costly 
than fossil power. Some combination of WWS 
subsidies and carbon taxes would thus be need-
ed for a time. A feed-in tariff (FIT) program to 
cover the difference between generation cost and 
wholesale electricity prices is especially effective 
at scaling-up new technologies. Combining FITs 
with a so-called declining clock auction, in 
which the right to sell power to the grid goes to 
the lowest bidders, provides continuing incen-
tive for WWS developers to lower costs. As that 
happens, FITs can be phased out. FITs have been 
implemented in a number of European countries 
and a few U.S. states and have been quite suc-
cessful in stimulating solar power in Germany.

Taxing fossil fuels or their use to refl ect their 
environmental damages also makes sense. But at 
a minimum, existing subsidies for fossil energy, 
such as tax benefi ts for exploration and extrac-
tion, should be eliminated to level the playing 
fi eld. Misguided promotion of alternatives that 
are less desirable than WWS power, such as farm 
and production subsidies for biofuels, should 
also be ended, because it delays deployment of 
cleaner systems. For their part, legislators craft-
ing policy must fi nd ways to resist lobbying by 
the entrenched energy industries.

Finally, each nation needs to be will-
ing to invest in  a robust, long-distance 
transmission system  that can carry 
large quantities of WWS power from 
remote regions where it is often great-
est—such as the Great Plains for wind 
and the desert Southwest for solar in 

the U.S.—to centers of consumption, typically 
cities. Reducing consumer demand during peak 
usage periods also requires a smart grid that 
gives generators and consumers much more con-
trol over electricity usage hour by hour. 

A large-scale wind, water and solar energy 
system can reliably supply the world’s needs, sig-
nifi cantly benefi ting climate, air quality, water 
quality, ecology and energy security.  As we have 
shown, the obstacles are primarily political, not 
technical. A combination of feed-in tariffs plus 
incentives for providers to reduce costs, elimina-
tion of fossil subsidies and an intelligently ex-
panded grid could be enough to ensure rapid de-
ployment. Of course, changes in the real-world 
power and transportation industries will have to 
overcome sunk investments in existing infra-
structure. But with sensible policies, nations 
could set a goal of generating 25 percent of their 
new energy supply with WWS sources in 10 to 
15 years and almost 100 percent of new supply 
in 20 to 30 years . With extremely aggressive pol-
icies, all existing fossil-fuel capacity could theo-
retically be retired and replaced in the same pe-
riod, but with more modest and likely policies 
full replacement may take 40 to 50 years. Either 
way, clear leadership is needed, or else nations 
will keep trying technologies promoted by in-
dustries rather than vetted by scientists.

A decade ago it was not clear that a global 
WWS system would be technically or eco-

nomically feasible. Having shown that it 
is, we hope global leaders can fi gure out 
how to make WWS power politically 
feasible as well. They can start by com-
mitting to meaningful climate and re-
newable energy goals now.  ■




