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Whether the Mediterranean becomes an area of cooperation or con-

frontation in the 21st century will be of strategic importance to our

common security.

Joschka Fischer, German Foreign Minister, February 2004

We’ve found that it’s hard to get off fossil fuels by living on our own re-
newables. Nuclear has its problems too. So what else can we do? Well,
how about living on someone else’s renewables? (Not that we have any en-
titlement to someone else’s renewables, of course, but perhaps they might
be interested in selling them to us.)

Most of the resources for living sustainably are related to land area: if
you want to use solar panels, you need land to put them on; if you want
to grow crops, you need land again. Jared Diamond, in his book Collapse,
observes that, while many factors contribute to the collapse of civilizations,
a common feature of all collapses is that the human population density
became too great.

Places like Britain and Europe are in a pickle because they have large
population densities, and all the available renewables are diffuse – they
have small power density (table 25.1). When looking for help, we should
look to countries that have three things: a) low population density; b) large

Power per unit land

or water area

Wind 2 W/m2

Offshore wind 3 W/m2

Tidal pools 3 W/m2

Tidal stream 6 W/m2

Solar PV panels 5–20 W/m2

Plants 0.5 W/m2

Rain-water
(highlands) 0.24 W/m2

Hydroelectric
facility 11 W/m2

Solar chimney 0.1 W/m2

Concentrating solar

power (desert) 15W/m2

Table 25.1. Renewable facilities have
to be country-sized because all
renewables are so diffuse.

area; and c) a renewable power supply with high power density.

Region Population Area Density Area per

(km2) (persons person

per km2) (m2)

Libya 5 760 000 1 750 000 3 305 000

Kazakhstan 15 100 000 2 710 000 6 178 000

Saudi Arabia 26 400 000 1 960 000 13 74 200

Algeria 32 500 000 2 380 000 14 73 200

Sudan 40 100 000 2 500 000 16 62 300

World 6 440 000 000 148 000 000 43 23 100

Scotland 5 050 000 78 700 64 15 500

European Union 496 000 000 4 330 000 115 8 720

Wales 2 910 000 20 700 140 7 110

United Kingdom 59 500 000 244 000 243 4 110

England 49 600 000 130 000 380 2 630

Table 25.2. Some regions, ordered
from small to large population
density. See p338 for more population
densities.

Table 25.2 highlights some countries that fit the bill. Libya’s population
density, for example, is 70 times smaller than Britain’s, and its area is
7 times bigger. Other large, area-rich, countries are Kazakhstan, Saudi
Arabia, Algeria, and Sudan.
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In all these countries, I think the most promising renewable is so-

Figure 25.3. Stirling dish engine.
These beautiful concentrators deliver
a power per unit land area of
14 W/m2. Photo courtesy of Stirling
Energy Systems.
www.stirlingenergy.com

lar power, concentrating solar power in particular, which uses mirrors or
lenses to focus sunlight. Concentrating solar power stations come in sev-
eral flavours, arranging their moving mirrors in various geometries, and
putting various power conversion technologies at the focus – Stirling en-
gines, pressurized water, or molten salt, for example – but they all deliver
fairly similar average powers per unit area, in the ballpark of 15 W/m2.

A technology that adds up

“All the world’s power could be provided by a square 100 km by 100 km
in the Sahara.” Is this true? Concentrating solar power in deserts delivers
an average power per unit land area of roughly 15 W/m2. So, allowing
no space for anything else in such a square, the power delivered would
be 150 GW. This is not the same as current world power consumption.
It’s not even near current world electricity consumption, which is 2000 GW.
World power consumption today is 15 000 GW. So the correct statement

Figure 25.4. Andasol – a “100 MW”
solar power station under
construction in Spain. Excess thermal
energy produced during the day will
be stored in liquid salt tanks for up to
seven hours, allowing a continuous
and stable supply of electric power to
the grid. The power station is
predicted to produce 350 GWh per
year (40 MW). The parabolic troughs
occupy 400 hectares, so the power per
unit land area will be 10 W/m2.
Upper photo: ABB. Lower photo: IEA
SolarPACES.

about power from the Sahara is that today’s consumption could be pro-
vided by a 1000 km by 1000 km square in the desert, completely filled with
concentrating solar power. That’s four times the area of the UK. And if we
are interested in living in an equitable world, we should presumably aim
to supply more than today’s consumption. To supply every person in the
world with an average European’s power consumption (125 kWh/d), the
area required would be two 1000 km by 1000 km squares in the desert.

Fortunately, the Sahara is not the only desert, so maybe it’s more rele-
vant to chop the world into smaller regions, and ask what area is needed in
each region’s local desert. So, focusing on Europe, “what area is required
in the North Sahara to supply everyone in Europe and North Africa with an
average European’s power consumption? Taking the population of Europe
and North Africa to be 1 billion, the area required drops to 340 000 km2,
which corresponds to a square 600km by 600km. This area is equal to one
Germany, to 1.4 United Kingdoms, or to 16 Waleses.

The UK’s share of this 16-Wales area would be one Wales: a 145 km by
145 km square in the Sahara would provide all the UK’s current primary
energy consumption. These squares are shown in figure 25.5. Notice that
while the yellow square may look “little” compared with Africa, it does
have the same area as Germany.

The DESERTEC plan

An organization called DESERTEC [www.desertec.org] is promoting a plan
to use concentrating solar power in sunny Mediterranean countries, and
high-voltage direct-current (HVDC) transmission lines (figure 25.7) to de-
liver the power to cloudier northern parts. HVDC technology has been in
use since 1954 to transmit power both through overhead lines and through
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Figure 25.5. The celebrated little
square. This map shows a square of
size 600 km by 600 km in Africa, and
another in Saudi Arabia, Jordan, and
Iraq. Concentrating solar power
facilities completely filling one such
square would provide enough power
to give 1 billion people the average
European’s consumption of
125 kWh/d. The area of one square is
the same as the area of Germany, and
16 times the area of Wales. Within
each big square is a smaller 145 km by
145 km square showing the area
required in the Sahara – one Wales –
to supply all British power
consumption.

submarine cables (such as the interconnector between France and Eng-
land). It is already used to transmit electricity over 1000-km distances
in South Africa, China, America, Canada, Brazil, and Congo. A typical
500 kV line can transmit a power of 2 GW. A pair of HVDC lines in Brazil
transmits 6.3 GW.

HVDC is preferred over traditional high-voltage AC lines because less
physical hardware is needed, less land area is needed, and the power losses
of HVDC are smaller. The power losses on a 3500 km-long HVDC line, in-
cluding conversion from AC to DC and back, would be about 15%. A
further advantage of HVDC systems is that they help stabilize the electric-
ity networks to which they are connected.

In the DESERTEC plans, the prime areas to exploit are coastal areas,
because concentrating solar power stations that are near to the sea can
deliver desalinated water as a by-product – valuable for human use, and
for agriculture.

Table 25.6 shows DESERTEC’s estimates of the potential power that
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Country Economic potential Coastal potential
(TWh/y) (TWh/y)

Algeria 169 000 60
Libya 140 000 500
Saudi Arabia 125 000 2 000
Egypt 74 000 500
Iraq 29 000 60
Morocco 20 000 300
Oman 19 000 500
Syria 10 000 0
Tunisia 9 200 350
Jordan 6 400 0
Yemen 5 100 390
Israel 3 100 1
UAE 2 000 540
Kuwait 1 500 130
Spain 1 300 70
Qatar 800 320
Portugal 140 7
Turkey 130 12

Total 620 000 6 000
(70 000 GW) (650 GW)

Table 25.6. Solar power potential in
countries around and near to Europe.
The “economic potential” is the
power that could be generated in
suitable places where the direct
normal irradiance is more than
2000 kWh/m2/y.
The “coastal potential” is the power
that could be generated within 20 m
(vertical) of sea level; such power is
especially promising because of the
potential combination with
desalination.
For comparison, the total power
required to give 125 kWh per day to 1
billion people is 46 000 TWh/y
(5 200 GW). 6000 TWh/y (650 GW) is
16 kWh per day per person for 1
billion people.

could be produced in countries in Europe and North Africa. The “eco-

Figure 25.7. Laying a high-voltage DC
link between Finland and Estonia. A
pair of these cables transmit a power
of 350 MW. Photo: ABB.

nomic potential” adds up to more than enough to supply 125 kWh per
day to 1 billion people. The total “coastal potential” is enough to supply
16 kWh per day per person to 1 billion people.

Let’s try to convey on a map what a realistic plan could look like.
Imagine making solar facilities each having an area of 1500 km2 – that’s
roughly the size of London. (Greater London has an area of 1580 km2; the
M25 orbital motorway around London encloses an area of 2300 km2.) Let’s
call each facility a blob. Imagine that in each of these blobs, half the area is
devoted to concentrating power stations with an average power density of
15 W/m2, leaving space around for agriculture, buildings, railways, roads,
pipelines, and cables. Allowing for 10% transmission loss between the
blob and the consumer, each of these blobs generates an average power
of 10 GW. Figure 25.8 shows some blobs to scale on a map. To give a
sense of the scale of these blobs I’ve dropped a few in Britain too. Four of
these blobs would have an output roughly equal to Britain’s total electricity
consumption (16 kWh/d per person for 60 million people). Sixty-five blobs
would provide all one billion people in Europe and North Africa with
16 kWh/d per person. Figure 25.8 shows 68 blobs in the desert.
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Figure 25.8. Each circular blob
represents an area of 1500 km2,
which, if one-third-filled with solar
power facilities, would generate
10 GW on average. 65 such blobs
would provide 1 billion people with
16 kWh/d per person.
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Concentrating photovoltaics

An alternative to concentrating thermal solar power in deserts is large-

Figure 25.9. A 25 kW (peak)
concentrator photovoltaic collector
produced by Californian company
Amonix. Its 225 m2 aperture contains
5760 Fresnel lenses with optical
concentration ×260, each of which
illuminates a 25%-efficient silicon cell.
One such collector, in an appropriate
desert location, generates 138 kWh
per day – enough to cover the energy
consumption of half an American.
Note the human providing a scale.
Photo by David Faiman.

scale concentrating photovoltaic systems. To make these, we plop a high-
quality electricity-producing solar cell at the focus of cheap lenses or mir-
rors. Faiman et al. (2007) say that “solar, in its concentrator photovoltaics
variety, can be completely cost-competitive with fossil fuel [in desert states
such as California, Arizona, New Mexico, and Texas] without the need for
any kind of subsidy.”

According to manufacturers Amonix, this form of concentrating solar
power would have an average power per unit land area of 18 W/m2.

Another way to get a feel for required hardware is to personalize. One
of the “25 kW” (peak) collectors shown in figure 25.9 generates on average
about 138 kWh per day; the American lifestyle currently uses 250 kWh per
day per person. So to get the USA off fossil fuels using solar power, we
need roughly two of these 15 m× 15 m collectors per person.

Queries

I’m confused! In Chapter 6, you said that the best photovoltaic panels

deliver 20W/m2 on average, in a place with British sunniness. Presum-

ably in the desert the same panels would deliver 40W/m2. So how come

the concentrating solar power stations deliver only 15–20W/m2? Surely

concentrating power should be even better than plain flat panels?

Good question. The short answer is no. Concentrating solar power does
not achieve a better power per unit land area than flat panels. The concen-
trating contraption has to track the sun, otherwise the sunlight won’t be
focused right; once you start packing land with sun-tracking contraptions,
you have to leave gaps between them; lots of sunlight falls through the
gaps and is lost. The reason that people nevertheless make concentrating
solar power systems is that, today, flat photovoltaic panels are very expen-
sive, and concentrating systems are cheaper. The concentrating people’s
goal is not to make systems with big power per unit land area. Land area
is cheap (they assume). The goal is to deliver big power per dollar.

But if flat panels have bigger power density, why don’t you describe cov-

ering the Sahara desert with them?

Because I am trying to discuss practical options for large-scale sustain-
able power production for Europe and North Africa by 2050. My guess
is that by 2050, mirrors will still be cheaper than photovoltaic panels, so
concentrating solar power is the technology on which we should focus.

What about solar chimneys?

A solar chimney or solar updraft tower uses solar power in a very sim-
ple way. A huge chimney is built at the centre of an area covered by a trans-
parent roof made of glass or plastic; because hot air rises, hot air created
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in this greenhouse-like heat-collector whooshes up the chimney, drawing
in cooler air from the perimeter of the heat-collector. Power is extracted
from the air-flow by turbines at the base of the chimney. Solar chimneys
are fairly simple to build, but they don’t deliver a very impressive power
per unit area. A pilot plant in Manzanares, Spain operated for seven years
between 1982 and 1989. The chimney had a height of 195 m and a diameter
of 10 m; the collector had a diameter of 240 m, and its roof had 6000 m2 of
glass and 40 000 m2 of transparent plastic. It generated 44 MWh per year,
which corresponds to a power per unit area of 0.1 W/m2. Theoretically, the

Figure 25.10. The Manzanares
prototype solar chimney. Photos from
solarmillennium.de.

bigger the collector and the taller the chimney, the bigger the power den-
sity of a solar chimney becomes. The engineers behind Manzanares reckon
that, at a site with a solar radiation of 2300 kWh/m2 per year (262 W/m2),
a 1000 m-high tower surrounded by a 7 km-diameter collector could gen-
erate 680 GWh per year, an average power of 78 MW. That’s a power per
unit area of about 1.6 W/m2, which is similar to the power per unit area
of windfarms in Britain, and one tenth of the power per unit area I said
concentrating solar power stations would deliver. It’s claimed that solar
chimneys could generate electricity at a price similar to that of conven-
tional power stations. I suggest that countries that have enough land and
sunshine to spare should host a big bake-off contest between solar chim-
neys and concentrating solar power, to be funded by oil-producing and
oil-consuming countries.

What about getting power from Iceland, where geothermal power and hy-

droelectricity are so plentiful?

Indeed, Iceland already effectively exports energy by powering indus-
tries that make energy-intensive products. Iceland produces nearly one
ton of aluminium per citizen per year, for example! So from Iceland’s

Figure 25.11. More geothermal power
in Iceland. Photo by Rosie Ward.

point of view, there are great profits to be made. But can Iceland save Eu-
rope? I would be surprised if Iceland’s power production could be scaled
up enough to make sizeable electricity exports even to Britain alone. As a
benchmark, let’s compare with the England–France Interconnector, which
can deliver up to 2 GW across the English Channel. That maximum power
is equivalent to 0.8 kWh per day per person in the UK, roughly 5% of
British average electricity consumption. Iceland’s average geothermal elec-
tricity generation is just 0.3 GW, which is less than 1% of Britain’s average
electricity consumption. Iceland’s average electricity production is 1.1 GW.
So to create a link sending power equal to the capacity of the French inter-
connector, Iceland would have to triple its electricity production. To pro-
vide us with 4 kWh per day per person (roughly what Britain gets from its
own nuclear power stations), Iceland’s electricity production would have
to increase ten-fold. It is probably a good idea to build interconnectors to
Iceland, but don’t expect them to deliver more than a small contribution.
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Notes and further reading

page no.

178 Concentrating solar power in deserts delivers an average power per unit area
of roughly 15 W/m2. My sources for this number are two companies making

concentrating solar power for deserts.

Figure 25.12. Two engineers
assembling an eSolar concentrating
power station using heliostats
(mirrors that rotate and tip to follow
the sun). esolar.com make
medium-scale power stations: a
33 MW (peak) power unit on a 64
hectare site. That’s 51 W/m2 peak, so
I’d guess that in a typical desert
location they would deliver about one
quarter of that: 13 W/m2.

www.stirlingenergy.com says one of its dishes with a 25 kW Stirling engine

at its focus can generate 60 000 kWh/y in a favourable desert location. They

could be packed at a concentration of one dish per 500 m2. That’s an average

power of 14 W/m2. They say that solar dish Stirling makes the best use of

land area, in terms of energy delivered.

www.ausra.com uses flat mirrors to heat water to 285 ◦C and drive a steam

turbine. The heated, pressurized water can be stored in deep metal-lined

caverns to allow power generation at night. Describing a “240 MW(e)” plant

proposed for Australia (Mills and Lièvre, 2004), the designers claim that

3.5 km2 of mirrors would deliver 1.2 TWh(e); that’s 38 W/m2 of mirror. To

find the power per unit land area, we need to allow for the gaps between

the mirrors. Ausra say they need a 153 km by 153 km square in the desert to

supply all US electric power (Mills and Morgan, 2008). Total US electricity

is 3600 TWh/y, so they are claiming a power per unit land area of 18 W/m2.

This technology goes by the name compact linear fresnel reflector (Mills and

Morrison, 2000; Mills et al., 2004; Mills and Morgan, 2008). Incidentally,

rather than “concentrating solar power,” the company Ausra prefers to use

the term solar thermal electricity (STE); they emphasize the benefits of thermal

storage, in contrast to concentrating photovoltaics, which don’t come with a

natural storage option.

Trieb and Knies (2004), who are strong proponents of concentrating solar

power, project that the alternative concentrating solar power technologies

would have powers per unit land area in the following ranges: parabolic

troughs, 14–19 W/m2; linear fresnel collector, 19–28 W/m2; tower with he-

liostats, 9–14 W/m2; stirling dish, 9–14 W/m2.

There are three European demonstration plants for concentrating solar power.

Andasol – using parabolic troughs; Solúcar PS10, a tower near Seville; and

Solartres, a tower using molten salt for heat storage. The Andasol parabolic-

trough system shown in figure 25.4 is predicted to deliver 10 W/m2. Solúcar’s

“11 MW” solar tower has 624 mirrors, each 121 m2. The mirrors concentrate

sunlight to a radiation density of up to 650 kW/m2. The receiver receives

a peak power of 55 MW. The power station can store 20 MWh of ther-

mal energy, allowing it to keep going during 50 minutes of cloudiness. It

was expected to generate 24.2 GWh of electricity per year, and it occupies

55 hectares. That’s an average power per unit land area of 5 W/m2. (Source:

Abengoa Annual Report 2003.) Solartres will occupy 142 hectares and is

expected to produce 96.4 GWh per year; that’s a power density of 8 W/m2.

Andasol and Solartres will both use some natural gas in normal operation.

179 HVDC is already used to transmit electricity over 1000-km distances in South
Africa, China, America, Canada, Brazil, and Congo. Sources: Asplund (2004),

Bahrman and Johnson (2007). Further reading on HVDC: Carlsson (2002).

Figure 25.13. A high-voltage DC
power system in China. Photo: ABB.
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179 Losses on a 3500 km-long HVDC line, including conversion from AC to DC
and back, would be about 15%. Sources: Trieb and Knies (2004); van Voorthuy-

sen (2008).

182 According to Amonix, concentrating photovoltaics would have an average
power per unit land area of 18 W/m2. The assumptions of www.amonix.com

are: the lens transmits 85% of the light; 32% cell efficiency; 25% collector

efficiency; and 10% further loss due to shading. Aperture/land ratio of 1/3.

Normal direct irradiance: 2222 kWh/m2/year. They expect each kW of peak

capacity to deliver 2000 kWh/y (an average of 0.23 kW). A plant of 1 GW

peak capacity would occupy 12 km2 of land and deliver 2000 GWh per year.

That’s 18 W/m2.

– Solar chimneys. Sources: Schlaich J (2001); Schlaich et al. (2005); Dennis

(2006), www.enviromission.com.au, www.solarairpower.com.

183 Iceland’s average geothermal electricity generation is just 0.3 GW. Iceland’s
average electricity production is 1.1 GW. These are the statistics for 2006:

7.3 TWh of hydroelectricity and 2.6 TWh of geothermal electricity, with ca-

pacities of 1.16 GW and 0.42 GW, respectively. Source: Orkustofnun National

Energy Authority [www.os.is/page/energystatistics].

Further reading: European Commission (2007), German Aerospace Center (DLR)

Institute of Technical Thermodynamics Section Systems Analysis and Tech-

nology Assessment (2006), www.solarmillennium.de.
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The wind, as a direct motive power, is wholly inapplicable to a system

of machine labour, for during a calm season the whole business of

the country would be thrown out of gear. Before the era of steam-

engines, windmills were tried for draining mines; but though they

were powerful machines, they were very irregular, so that in a long
tract of calm weather the mines were drowned, and all the workmen

thrown idle.

William Stanley Jevons, 1865
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Figure 26.1. Electricity demand in
Great Britain (in kWh/d per person)
during two winter weeks and two
summer weeks of 2006. The peaks in
January are at 6pm each day. The
five-day working week is evident in
summer and winter. (If you’d like to
obtain the national demand in GW,
remember the top of the scale,
24 kWh/d per person, is the same as
60 GW per UK.)

If we kick fossil fuels and go all-out for renewables, or all-out for nuclear, or
a mixture of the two, we may have a problem. Most of the big renewables
are not turn-off-and-onable. When the wind blows and the sun comes out,
power is there for the taking; but maybe two hours later, it’s not available
any more. Nuclear power stations are not usually designed to be turn-off-
and-onable either. They are usually on all the time, and their delivered
power can be turned down and up only on a timescale of hours. This is a
problem because, on an electricity network, consumption and production
must be exactly equal all the time. The electricity grid can’t store energy. To
have an energy plan that adds up every minute of every day, we therefore
need something easily turn-off-and-onable. It’s commonly assumed that the
easily turn-off-and-onable something should be a source of power that gets
turned off and on to compensate for the fluctuations of supply relative to
demand (for example, a fossil fuel power station!). But another equally
effective way to match supply and demand would be to have an easily
turn-off-and-onable demand for power – a sink of power that can be turned
off and on at the drop of a hat.

Either way, the easily turn-off-and-onable something needs to be a big
something because electricity demand varies a lot (figure 26.1). The de-
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Figure 26.2. Total output, in MW, of
all wind farms of the Republic of
Ireland, from April 2006 to April 2007
(top), and detail from January 2007 to
April 2007 (middle), and February
2007 (bottom). Peak electricity
demand in Ireland is about 5000 MW.
Its wind “capacity” in 2007 is
745 MW, dispersed in about 60 wind
farms. Data are provided every 15
minutes by www.eirgrid.com.

mand sometimes changes significantly on a timescale of a few minutes.
This chapter discusses how to cope with fluctuations in supply and de-
mand, without using fossil fuels.

How much do renewables fluctuate?

However much we love renewables, we must not kid ourselves about the
fact that wind does fluctuate.

Critics of wind power say: “Wind power is intermittent and unpre-
dictable, so it can make no contribution to security of supply; if we create
lots of wind power, we’ll have to maintain lots of fossil-fuel power plant to
replace the wind when it drops.” Headlines such as “Loss of wind causes
Texas power grid emergency” reinforce this view. Supporters of wind en-
ergy play down this problem: “Don’t worry – individual wind farms may
be intermittent, but taken together, the sum of all wind farms in different
locations is much less intermittent.”

Let’s look at real data and try to figure out a balanced viewpoint. Fig-
ure 26.2 shows the summed output of the wind fleet of the Republic of
Ireland from April 2006 to April 2007. Clearly wind is intermittent, even if
we add up lots of turbines covering a whole country. The UK is a bit larger
than Ireland, but the same problem holds there too. Between October 2006
and February 2007 there were 17 days when the output from Britain’s 1632
windmills was less than 10% of their capacity. During that period there
were five days when output was less than 5% and one day when it was
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Figure 26.3. Electricity demand in
Great Britain during two winter
weeks of 2006. The left and right
scales show the demand in national
units (GW) and personal units
(kWh/d per person) respectively.
These are the same data as in
figure 26.1.

only 2%.
Let’s quantify the fluctuations in country-wide wind power. The two

issues are short-term changes, and long-term lulls. Let’s find the fastest
short-term change in a month of Irish wind data. On 11th February 2007,
the Irish wind power fell steadily from 415 MW at midnight to 79 MW at
4am. That’s a slew rate of 84 MW per hour for a country-wide fleet of
capacity 745 MW. (By slew rate I mean the rate at which the delivered
power fell or rose – the slope of the graph on 11th February.) OK: if we
scale British wind power up to a capacity of 33 GW (so that it delivers
10 GW on average), we can expect to have occasional slew rates of

84 MW/h× 33 000 MW

745 MW
= 3700 MW/h,

assuming Britain is like Ireland. So we need to be able to either power
up replacements for wind at a rate of 3.7 GW per hour – that’s 4 nuclear
power stations going from no power to full power every hour, say – or we
need to be able to suddenly turn down our demand at a rate of 3.7 GW per
hour.

Could these windy demands be met? In answering this question we’ll
need to talk more about “gigawatts.” Gigawatts are big country-sized units
of power. They are to a country what a kilowatt-hour-per-day is to a per-
son: a nice convenient unit. The UK’s average electricity consumption is
about 40 GW. We can relate this national number to personal consump-
tion: 1 kWh per day per person is equivalent to 2.5 GW nationally. So if
every person uses 16 kWh per day of electricity, then national consumption
is 40 GW.

Is a national slew-rate of 4 GW per hour completely outside human
experience? No. Every morning, as figure 26.3 shows, British demand
climbs by about 13 GW between 6.30am and 8.30am. That’s a slew rate of
6.5GW per hour. So our power engineers already cope, every day, with slew
rates bigger than 4 GW per hour on the national grid. An extra occasional
slew of 4 GW per hour induced by sudden wind variations is no reasonable
cause for ditching the idea of country-sized wind farms. It’s a problem
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just like problems that engineers have already solved. We simply need to
figure out how to match ever-changing supply and demand in a grid with
no fossil fuels. I’m not saying that the wind-slew problem is already solved
– just that it is a problem of the same size as other problems that have been
solved.

OK, before we start looking for solutions, we need to quantify wind’s
other problem: long-term lulls. At the start of February 2007, Ireland had
a country-wide lull that lasted five days. This was not an unusual event, as
you can see in figure 26.2. Lulls lasting two or three days happen several
times a year.

There are two ways to get through lulls. Either we can store up energy
somewhere before the lull, or we need to have a way of reducing demand
during the entire lull. (Or a mix of the two.) If we have 33 GW of wind
turbines delivering an average power of 10 GW then the amount of energy
we must either store up in advance or do without during a five-day lull is

10 GW× (5× 24 h) = 1200 GWh.

(The gigawatt-hour (GWh) is the cuddly energy unit for nations. Britain’s
electricity consumption is roughly 1000 GWh per day.)

To personalize this quantity, an energy store of 1200 GWh for the nation
is equivalent to an energy store of 20 kWh per person. Such an energy store
would allow the nation to go without 10 GW of electricity for 5 days; or
equivalently, every individual to go without 4 kWh per day of electricity
for 5 days.

Coping with lulls and slews

We need to solve two problems – lulls (long periods with small renewable
production), and slews (short-term changes in either supply or demand).
We’ve quantified these problems, assuming that Britain had roughly 33 GW
of wind power. To cope with lulls, we must effectively store up roughly
1200 GWh of energy (20 kWh per person). The slew rate we must cope
with is 6.5 GW per hour (or 0.1 kW per hour per person).

There are two solutions, both of which could scale up to solve these
problems. The first solution is a centralized solution, and the second is
decentralized. The first solution stores up energy, then copes with fluctu-
ations by turning on and off a source powered from the energy store. The
second solution works by turning on and off a piece of demand.

The first solution is pumped storage. The second uses the batteries of
the electric vehicles that we discussed in Chapter 20. Before I describe
these solutions, let’s discuss a few other ideas for coping with slew.
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Other supply-side ways of coping with slew

Some of the renewables are turn-off-and-onable. If we had a lot of renew-
able power that was easily turn-off-and-onable, all the problems of this
chapter would go away. Countries like Norway and Sweden have large
and deep hydroelectric supplies which they can turn on and off. What
might the options be in Britain?

First, Britain could have lots of waste incinerators and biomass inciner-
ators – power stations playing the role that is today played by fossil power
stations. If these stations were designed to be turn-off-and-onable, there
would be cost implications, just as there are costs when we have extra fos-
sil power stations that are only working part-time: their generators would
sometimes be idle and sometimes work twice as hard; and most generators
aren’t as efficient if you keep turning them up and down, compared with
running them at a steady speed. OK, leaving cost to one side, the crucial
question is how big a turn-off-and-onable resource we might have. If all
municipal waste were incinerated, and an equal amount of agricultural
waste were incinerated, then the average power from these sources would
be about 3 GW. If we built capacity equal to twice this power, making
incinerators capable of delivering 6 GW, and thus planning to have them
operate only half the time, these would be able to deliver 6 GW through-
out periods of high demand, then zero in the wee hours. These power
stations could be designed to switch on or off within an hour, thus coping
with slew rates of 6 GW per hour – but only for a maximum slew range of
6 GW! That’s a helpful contribution, but not enough slew range in itself, if
we are to cope with the fluctuations of 33 GW of wind.

What about hydroelectricity? Britain’s hydroelectric stations have an
average load factor of 20% so they certainly have the potential to be turned
on and off. Furthermore, hydro has the wonderful feature that it can be
turned on and off very quickly. Glendoe, a new hydro station with a ca-
pacity of 100 MW, will be able to switch from off to on in 30 seconds, for
example. That’s a slew rate of 12 GW per hour in just one power station!
So a sufficiently large fleet of hydro power stations should be able to cope
with the slew introduced by enormous wind farms. However, the capacity
of the British hydro fleet is not currently big enough to make much con-
tribution to our slew problem (assuming we want to cope with the rapid
loss of say 10 or 33 GW of wind power). The total capacity of traditional
hydroelectric stations in Britain is only about 1.5 GW.

So simply switching on and off other renewable power sources is not
going to work in Britain. We need other solutions.

Pumped storage

Pumped storage systems use cheap electricity to shove water from a down-
hill lake to an uphill lake; then regenerate electricity when it’s valuable,
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station power head volume energy stored
(GW) (m) (million m3) (GWh)

Ffestiniog 0.36 320–295 1.7 1.3
Cruachan 0.40 365–334 11.3 10
Foyers 0.30 178–172 13.6 6.3
Dinorwig 1.80 542–494 6.7 9.1

Table 26.4. Pumped storage facilities
in Britain. The maximum energy
storable in today’s pumped storage
systems is about 30 GWh.
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Figure 26.5. How pumped storage
pays for itself. Electricity prices, in £
per MWh, on three days in 2006 and
2007.

using turbines just like the ones in hydroelectric power stations.

Britain has four pumped storage facilities, which can store 30 GWh be-
tween them (table 26.4, figure 26.6). They are typically used to store excess
electricity at night, then return it during the day, especially at moments of

Figure 26.6. Llyn Stwlan, the upper
reservoir of the Ffestiniog pumped
storage scheme in north Wales.
Energy stored: 1.3 GWh. Photo by
Adrian Pingstone.

peak demand – a profitable business, as figure 26.5 shows. The Dinorwig
power station – an astonishing cathedral inside a mountain in Snowdonia
– also plays an insurance role: it has enough oomph to restart the national
grid in the event of a major failure. Dinorwig can switch on, from 0 to
1.3 GW power, in 12 seconds.

Dinorwig is the Queen of the four facilities. Let’s review her vital statis-
tics. The total energy that can be stored in Dinorwig is about 9 GWh. Its
upper lake is about 500 m above the lower, and the working volume of 7
million m3 flows at a maximum rate of 390 m3/s, allowing power delivery
at 1.7 GW for 5 hours. The efficiency of this storage system is 75%.

If all four pumped storage stations are switched on simultaneously,
they can produce a power of 2.8 GW. They can switch on extremely fast,
coping with any slew rate that demand-fluctuations or wind-fluctuations
could come up with. However the capacity of 2.8 GW is not enough to
replace 10 GW or 33 GW of wind power if it suddenly went missing. Nor
is the total energy stored (30 GWh) anywhere near the 1200 GWh we are
interested in storing in order to make it through a big lull. Could pumped
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storage be ramped up? Can we imagine solving the entire lull problem
using pumped storage alone?

Can we store 1200GWh?

We are interested in making much bigger storage systems, storing a total
of 1200 GWh (about 130 times what Dinorwig stores). And we’d like the
capacity to be about 20 GW – about ten times bigger than Dinorwig’s. So
here is the pumped storage solution: we have to imagine creating roughly
12 new sites, each storing 100 GWh – roughly ten times the energy stored
in Dinorwig. The pumping and generating hardware at each site would
be the same as Dinorwig’s.

Assuming the generators have an efficiency of 90%, table 26.7 shows a
few ways of storing 100 GWh, for a range of height drops. (For the physics
behind this table, see this chapter’s endnotes.)

Ways to store 100 GWh

drop from working volume example size

upper lake required of lake

(million m3) area depth

500 m 40 2 km2×20 m

500 m 40 4 km2×10 m

200 m 100 5 km2×20 m

200 m 100 10 km2×10 m

100 m 200 10 km2×20 m

100 m 200 20 km2×10 m

Table 26.7. Pumped storage. Ways to
store 100 GWh. For comparison with
column 2, the working volume of
Dinorwig is 7 million m3, and the
volume of Lake Windermere is 300
million m3. For comparison with
column 3, Rutland water has an area
of 12.6 km2; Grafham water 7.4 km2.
Carron valley reservoir is 3.9 km2.
The largest lake in Great Britain is
Loch Lomond, with an area of 71 km2.

Is it plausible that twelve such sites could be found? Certainly, we could
build several more sites like Dinorwig in Snowdonia alone. Table 26.8
shows two alternative sites near to Ffestiniog where two facilities equal to
Dinorwig could have been built. These sites were considered alongside
Dinorwig in the 1970s, and Dinorwig was chosen.

proposed power head volume energy stored

location (GW) (m) (million m3) (GWh)

Bowydd 2.40 250 17.7 12.0

Croesor 1.35 310 8.0 6.7

Table 26.8. Alternative sites for
pumped storage facilities in
Snowdonia. At both these sites the
lower lake would have been a new
artificial reservoir.

Pumped-storage facilities holding significantly more energy than Di-
norwig could be built in Scotland by upgrading existing hydroelectric fa-
cilities. Scanning a map of Scotland, one candidate location would use
Loch Sloy as its upper lake and Loch Lomond as its lower lake. There is
already a small hydroelectric power station linking these lakes. Figure 26.9
shows these lakes and the Dinorwig lakes on the same scale. The height
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Dinorwig is the home of a 9 GWh
storage system, using Marchlyn
Mawr (615E, 620N) and Llyn Peris
(590E, 598N) as its upper and lower
reservoirs.

Loch Sloy illustrates the sort of loca-
tion where a 40 GWh storage system
could be created.

Figure 26.9. Dinorwig, in the
Snowdonia National Park, compared
with Loch Sloy and Loch Lomond.
The upper maps show 10 km by
10 km areas. In the lower maps the
blue grid is made of 1 km squares.
Images produced from Ordnance
Survey’s Get-a-map service
www.ordnancesurvey.co.uk/getamap.
Images reproduced with permission
of Ordnance Survey. © Crown
Copyright 2006.

difference between Loch Sloy and Loch Lomond is about 270 m. Sloy’s
area is about 1.5 km2, and it can already store an energy of 20 GWh. If
Loch Sloy’s dam were raised by another 40 m then the extra energy that
could be stored would be about 40 GWh. The water level in Loch Lomond
would change by at most 0.8 m during a cycle. This is less than the normal
range of annual water level variations of Loch Lomond (2 m).

Figure 26.10 shows 13 locations in Scotland with potential for pumped
storage. (Most of them already have a hydroelectric facility.) If ten of these
had the same potential as I just estimated for Loch Sloy, then we could
store 400 GWh – one third of the total of 1200 GWh that we were aiming
for.

We could scour the map of Britain for other locations. The best loca-
tions would be near to big wind farms. One idea would be to make a new
artificial lake in a hanging valley (across the mouth of which a dam would


