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The economics of wind energy within the generation mix
1. Some energy basics
For thousands of years, man has been using wind energy to facilitate his work both on land and at sea.
On land, wind energy was used to operate grinding mills or pumping stations, at sea to sail boats without rowing. While in former times the emphasis was on purely mechanical work, such as the milling of
grain and water pumping for irrigation, the focus today is on converting wind energy to angular momentum to turn a generator and thus produce electrical energy in a most environmentally compatible,
resource-saving and cost-efficient way.
Let us start with some energy basics to explore the worldwide potential of wind power, this renewable
energy source which is fed by the sun. Inside the sun, due to a nuclear fusion reaction, approx. 4.5
million tons of mass are converted into energy every second which reaches our earth at a power den2
sity of approx. 1.4 kW/m (solar constant). As the earth follows an elliptical path around the sun, the
value of the "solar constants" is not constant during the earth’s orbit. The maximum solar radiation incident on the earth, S Earth of 1,417 W/m², is reached on January 3 at perihelion, while its minimum of
1,327 W/m² is reached on July 4 at aphelion. With a vertically inclined surface, around 1 kW/m² is
available at the earth’s surface:

n-3 ù
é
S Earth = S mean ê1 + 0.033 × cos (360 o ×
)
365 úû
ë

where n is the Julian day (i.e. day of the year, from n = 1 Þ January 1, n = 3 Þ January 3 etc.),
2
Smean = 1,372 W/m . Thus, our sun too has a finite life as it consumes resources although it will take
around 14 billion years before its loss of mass will add up to 0.1 % of its total mass, provided our Lord
will not switch off the sun’s light beforehand because of his love for mankind.
Around 2% of the radiant solar energy of 1.5 · 1018 kWh/a falling onto the earth’s surface are converted
into air flow energy in the atmosphere due to climatic processes. This corresponds to an energy poten16
12
tial of 3 · 10 kWh/a and/or a mean power of 3.4 · 10 kW. It is estimated that approx. 0.5% of the
annual flow energy could be exploited by wind turbines worldwide. This would result in a technically
12
usable energy potential of about 150 · 10 kWh/a, or 18 billion tce (= Mrd. t SKE). Thus, the usable
wind energy potential is of the same order of magnitude as the world‘s energy demand in the year
12
2000 which totaled about 14 billion tce, or 114 · 10 kWh.
Mass of the Sun: 2 ·1027 t
Age approx. 4.6 G.a.
Life estimation:
approx. 10 G.a.

Mass defect about
Energy radiation:
E = m • c2 = 4.5 M. t/s

1,400,000 km diameter

Sun
Total reaction:
4 1H = 4He + ∆E
∆E = 26.7 MeV
= 4.3 · 10-12 Ws

P = 40 · 1025 W
T = 107 K

Surface temperature
T = 5 714 K
2( 1H + 1H Þ 2H + e+ + n + 1,44 MeV )
2( 2H + 1H Þ 3He + g + 5,49 MeV )
3
He + 3He Þ 4He + 2 1H + 12,85 MeV

Moon
Earth

Solar radiation energy
received outside of the
earth`s atmosphere is:
1.5 • 1018 kWh/a
This is
13 000 times the
world energy demand of
approx.11.4 • 1013 kWh/a

Solar radiation energy received on the earth
surface (Albedo A = 0,3):

Pe = S × (1 - A) × π × r 2

(area of a circle)
Radiation energy reflected by the earth:
( Stefan-Boltzmann-constant )

Pa = e × s × 4 × π × r 2 × T 4 (surface of a sphere)
with emissivity e: 0 £ e £ 1 (black body),
W
s = 5,67 ×10 - 8
, S = 1,36 kW/m2, A = 0,3
2
4
m ×K
follows:

Pe = Pa

(incoming radiation=reflected energy)

T =4

S × (1 - A )
= 261,33 K
4 ×e ×s

Estimation of the mean earth temperature:

e = 0,90 : J = 261,33 - 273,15 = - 11,82 o C
e = 0,63 : J = 285,70 - 273,15 = + 12,55 o C

Fig. 1. Energy flow from the sun to the earth as the cause of everything that happens and lives on our
Planet.
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Unfortunately, this technically exploitable potential is not directly equivalent to what is economically realizable. To be able to use the available wind energy potential, enormous surface areas would have to
be set aside for wind power plants to convert flow energy into useful energy. What is more, considerable capital resources would have to be tapped for actual plant construction. This can be illustrated by
the following rough calculation for a targeted wind energy share of 10%:
A total of 17,000 wind energy converters of the 1.8 MW range would be required to meet 10 % of the
current annual electricity requirements in Germany of around 500 billion kWh, i.e. 50 billion kWh (i.e.
some 3 million kWh would be fed to the grid per wind energy converter and year). The capital needed
to erect these plants is about € 30 billion. Assuming generously that on an unknown peak load day
which is wet, cold and foggy, 5 percent of all wind energy converters in Germany feed electricity to the
grid, then these plants contribute around 0.5% of the aggregate rated capacity to meeting peak load.
This leads to an economically justifiable compensation for wind energy feed-in of around 2 ct/kWh,
calculated from the sum of the energy replaced in the conventional power plant pool and the allocable
power share.
With a compensation of about 9 ct/kWh, the subsidy burden on the electricity prices is € 3.5 billion a
year. This corresponds to around 70 % of the subsidy burden carried for many years by the German
national economy for the benefit of German hard coal, though for about 30 % of electricity requirements. That means that taking the same quantity for reference, the subsidy burden of wind energy is
twice as high as that of German hard coal, although for CO2-free electricity (positive value contribution) and with unreliable availability (negative value contribution). The policymakers who are to decide
on the wind energy share to be targeted must defend their decision in the light of the overall
cost/benefit ratio which is hard to quantify.
At the end of 2002, some 13,759 wind energy converters with a total capacity of about 12,000 MW
were operated in Germany. This is an increase of 37 % on the year before when capacity totaled 8,750
MW. The electrical energy produced totaled some 16.8 billion kWh/a, compared to 10.5 billion kWh the
year before (+60%). The mean utilization time for the rated capacity was 1,400 hours of the annual total of 8,760 hours. Thus, Germany has consolidated its position as the world’s No. 1 wind power producer, with the world’s total standing at some 30,000 MW (USA: 4,150 MW, Spain: 3,300 MW, Denmark: 2,500 MW, in 2001). The overall aim is to raise the world‘s installed capacity to 1.2 million MW
(40fold). As long as the world championship title in wind power production is not held by the countries
with the highest wind energy potential, which would be natural after all [1], our No. 1 position in the
world with a wind energy share of 17 to 20 billion kWh/a depending on the wind year will increasingly
become an extraordinary burden for our economy.
The curves in Fig. 2 show the synchronous wind power feed-in for the periods April 1 to 2 and 5 to 6 in
Western Denmark (Jutland and Furen). Even in this coastal country with its high wind speeds, capacity
availability is random and may even be zero. The Danish electricity company „Eltra“ entitled one of its
reports on the problems with domestic wind energy: „Tomorrow our wind power output will range between 0 and 2,000 MW“, compared to a maximum output capacity of some 4,000 MW!

Wind Output, April 5-6, 2001
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Fig. 2. Wind power feed-in in Western Denmark (Jutland und Furen) [1].
The cost-reducing effect of wind energy feed-in is even more unfavorable for the transmission network
than for the power plants as line capacity has been designed, and is needed, to supply load centers,
independent of wind energy converters. If the point of connection between the wind generating plant
and the network is at the end of a network branch, it will even be necessary to reinforce the network to
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transmit the feed-in capacity to the load center. This applies both to coastal countries where plants are
primarily situated near the coast and to inland areas where they are primarily found in elevated hill or
mountain areas with little development. Wind plant sites which are merely used for generation, such as
those offshore, require enormous additional investments for the construction of transmission lines and
substations anyway.
An illustrative insight into these problems is provided by the power curves of a wind power plant at the
Ormont wind farm in the Eifel mountains (Figs. 3a and b). It must be mentioned that at the time when
the annual peak load of 72.2 GW was reached in Germany on November 30, 1993 at 17.30 h, the Ormont wind farm did not supply any power because of failing winds. Thus, neither conventional power
plant nor grid design capacities were replaced, but only electrical energy.

Fig. 3a. Wind energy converter of the Ormont wind farm in the Eifel mountains in 1991.
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At wind speeds exceeding 25 m/s, wind energy converters are shut down to prevent serious damage,
with the rotor being taken out of the wind to a secure position. This results in power gradients equivalent to the rated capacity of the entire wind farm. Fig. 4 shows such a case where the Ormont wind
farm (development stage: 3x300 kW) was taken off-line in the wake of gusty winds between 5.30 and
6.00 h.
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Fig. 4. Safety shutdown at wind speeds exceeding 25 m/s.

2. Load conditions due to wind energy feed-in in the network region of KEV in 2001
Let us take the wind energy feed-in to the grid of a municipal utility, Kreis-Energie-Versorgung Schleiden (KEV), in the northern Eifel region as an example. With a workforce of around 100 employees, the
utility sells around 395 million kWh of electricity a year, has an annual peak load of 73 MW and generates sales revenue of € 31 million a year. In this rural service area, which is characterized by strong
winds, the maximum wind energy feed-in of approx. 50 MW exceeds the total demand of all customers
even in off-peak periods so that the surplus power flows back from the medium-voltage network to the
high-voltage network. Fig. 5 shows the power curve and Fig. 6 the corresponding power duration curve
for the periods January 1, 2001 to February 28, 2001 and November 1, 2001 to December 31, 2001.
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The stochastic randomness of the feed-in capacity and the steep power gradients with increasing and
decreasing strong winds can be seen very well. The duration curve, with the steep decline to less than 40
MW (around 80% of the aggregate rated capacity), shows how rarely the maximum feed-in capacity in the
amount of the rated output capacity of all plants is reached. At all times, there is the risk that the feed-in
capacity falls back to zero and the full total demand has to be met by the upstream supplier under the
existing open supply agreement.
At the time of KEV's annual peak load on December 17, 2001, at 21.30 h, at a level of 72,383 kW, the
feed-in capacity of all wind power plants amounted to 39 kW (Fig. 7). The highest amount of wind power,
as can be ascertained retrospectively, was fed into the grid on November 21, 2001, at 21.30 h, at a level
of 47,826 kW (Fig 8).
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Fig. 7. Wind power curve of KEV
from Dec. 13 to Dec. 19, 2001.
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Fig. 8. Wind power curve of KEV
from Nov. 19 to Nov. 25, 2001.

The total annual electrical energy fed into the grid from wind power amounted to 88.32 GWh, the annual energy purchased from the upstream supplier totaled 307.83 GWh. This results in an energy demand of the customer in the amount of 396.15 GWh, less transmission losses. The fictitious peak load
without wind energy feed-in requires an analysis of the next higher power peaks which occurred as
follows:
1st peak of 72,383 kW on Dec. 17, 2001, 21.30 h, wind power feed-in:
39 kW
nd
2 peak of 71,206 kW on Dec. 17, 2001, 21.45 h, wind power feed-in:
24 kW
rd
3 peak of 70,891 kW on March 26, 2001, 11.00 h, wind power feed-in:
0 kW
th
4 peak of 70,862 kW on March 26, 2001, 10.45 h, wind power feed-in:
0 kW
5th peak of 70,197 kW on Jan. 16, 2003, 21.30 h, wind power feed-in:
1,746 kW
Without wind power feed-in to the grid, the fifth power peak with 70,197 + 1,746 = 71,943 kW would
have been the second-highest peak after the first power peak of 72,383 + 39 = 72,422 kW. The ranking of the other peaks is unaffected for lack of wind power.
Fig. 9 shows the power curves for the peak load day of RWE purchases on December 17, 2001. As
can be seen, the aggregate load curve (red) almost coincides with the curve of RWE feed-in (blue). As
a result of the wind energy feed-in, the remaining RWE power purchases are far more uncertain, thus
resulting in a markedly higher demand for higher-priced control power and control energy. Fig. 10 in
particular shows that RWE purchases decline as wind energy feed-in increases on windy days.
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Fig. 9. Power curves on peak load day of RWE feed-in, of total KEV purchases and of
wind power feed-in on December 17, 2001.
The fictitious peak load without wind power feed-in requires an analysis of the power peaks for total
purchases, i.e. the sum of the purchases from RWE Plus and the wind power feed-in. This is because it
still has to be checked whether the total peak power would not be higher at times of high wind power
feed-in despite the relatively small power purchases from the upstream supplier. This requires an analysis
of the power peaks for total purchases:
Without wind energy feed-in, total purchases would be obtained as purchases from RWE Plus calculated as sum of the present RWE purchases and the wind power feed-in across 35,040 quarter-hourly
power values. This would result in the following first five peak values:
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1st peak of 73,327 kW on Jan. 15, 2001, 21.30 h, wind power feed-in:
nd
2 peak of 72,586 kW on Jan. 15, 2001, 21.45 h, wind power feed-in:
3rd peak of 72,421 kW on Dec. 17, 2001, 21.30 h, wind power feed-in:
4th peak of 72,406 kW on Jan. 15, 2001, 22.0 h, wind power feed-in:
5th peak of 71,944 kW on Jan. 16, 2001, 21.30, h wind power feed-in:

14,787 kW
16,070 kW
39 kW
19,659 kW
1,746 kW

Without wind power feed-in, the annual peak on January 15, 2001, at 21.30 h, would have been 944
kW, or 1.3%, higher at 73,327 kW compared to 72,383 kW (Fig. 10). In this case, the wind power has
been taken account of with a relatively favorable random value of approx. 30% of the aggregate rated
capacity on the peak load day. The minima of power are impacted very much by wind power so that
the total utilization time for energy purchases from the upstream supplier has dropped for KEV from
5,403 hours without wind power feed-in to 4,253 hours with wind power feed-in.
This results in a cost-based purchasing cost increase of 3.45 %. Offsetting this loss incurred in respect of
power purchasing costs when it comes to the payment for the availability-related wind energy feed-in
would economically speaking justify a 12 % reduction of the price for wind energy in relation to the purchased volume ratio of 307.83 GWh to 88.32 GWh. Given the legally stipulated feed-in payment under
the Renewable Energy Act, however, this is out of the question, although it reveals the inherent crosssubsidization in favor of wind energy, on the one hand, by the excessive payment and, on the other hand,
through the deteriorated energy economics for the remaining electricity purchases as a result of the
reduced utilization time.
In addition, there is the considerable burden due to the increased demand for balancing energy due to
the incalculable, fluctuating wind power feed-in:
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Fig. 10. Power curves of total KEV purchases, RWE feed-in and wind power
feed-in on the peak load day, January 15, 2001.
Fig. 11 shows that even with hourly power curves for the entire month of January 2001 there are considerable time-spans without power input to the grid as a result of missing winds throughout the service
area:
hourly power curves KEV, from 1. to 31. January 2001
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Fig. 11. Hourly power curves of total KEV purchases, RWE feed-in and wind power
feed-in in January 2001.
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3. Load conditions due to wind energy feed-in in the network region of WLK in 2001
Let us take the wind energy feed-in to the grid of the regional utility, Westdeutsche Licht- und Kraftwerke WLK – Erkelenz, as an example. The utility is located near the Dutch border. With a workforce
of around 100 employees, the utility sells around 480 million kWh of electricity a year and has an annual peak load of 90 MW.
Fig. 12 presents the daily quarter-hourly power curves on the peak load day of the overall WLK purchases. The peak load on this day, that is on January 15, 2001, at 18.30 h, was 89,022 kW with a daily
energy volume of 1,626,348 kWh corresponding to 76.12% of the maximum energy. The wind energy
fed into the grid amounted to 44,440 kWh; RWE Plus supplied 1,581,908 kWh to the grid (97.3%).
power curves on peak load day 15.1.2001 total demand WLK
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Fig. 12. Power curve on the peak load day of total purchases.
Fig. 13 shows the daily power curves on the peak load day of RWE Plus supplies to WLK. The peak
load on this day, i.e. on January 17, 2001, at 18.30 h, was 88,859 kW with a daily energy volume of
1,674,568 kWh corresponding to 78.52 % of the maximum energy. The wind energy fed into the grid
amounted to 8,792 kWh; RWE Plus supplied 1,665,776 kWh to the grid (99.5 %).
power curves on peak load day 17.1.2001 RWE-supply
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Fig. 13. Power curve on the peak load day of RWE Plus purchases.
Fig. 14 shows the daily curves on the minimum load day of total WLK purchases. The minimum load
on this day, i.e. on September 9, 2001, at 3.15 h, amounted to 21,778 kW with a daily energy volume
of 803,836 kWh. The wind energy fed into the grid totaled 344,626 kWh; RWE Plus supplied 459,210
kWh to the grid (57.1 %).
power curves on minium load day 9.9.2001 total demand WLK
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Fig. 14. Power curve on the minimum load day of total purchases.
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Fig. 15 shows the daily curves on the peak load day of wind energy feed-in on December 28, 2001.
The maximum value of wind power on this day, at 12.30 h, amounted to 24,566 kW with a daily energy
volume of 1,310, 843 kWh. The wind energy fed into the grid amounted to 462,425 kWh; RWE Plus
supplied 848,418 kWh to the grid (64.7 %).
power curves on peak load day 28.12.2001 WEA feed-in
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Fig. 15. Power curve on the peak load day of wind energy feed-in.
How the value of the wind energy contribution varies with the strength of the wind resource available is
illustrated by Figs. 16 and 17 for the two successive working days Wednesday, December 5, and
Thursday, December 6, 2001. The comparison of the daily curve of overall purchases (red) and the
daily curve of RWE Plus purchases (blue) reveals in particular the considerable impact of the wind energy feed-in (green) which cannot be calculated in advance. Taking the power curve as a basis for targeted electricity purchasing would give rise to an unjustifiable risk position although the power curves
of overall purchases for the two weekdays are almost identical. This will have a negative effect on the
negotiating position for electricity procurement on the stock exchange of a supply utility which is located in a windy area and has a remarkable share of wind energy feed-in.
While successful efforts to forecast the level of the wind power potential with significant reliability in the
short term may reduce the price risk at the electricity exchange regarding remaining control energy,
they do not have a corresponding cost-reducing effect on our national economy with regard to the necessary power plant potential as generating capacity has to be provided for days which cannot be foreseen in the long term in line with overall requirements. Unfortunately, it is an invariable fact that in the
winter half-year cold foggy days and relatively calm winds coincide with the peak load in the grid and
that not even weather derivatives and stock exchange trading can help in this situation.
power curves on wednesday the 5.12.2001
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Fig. 16. Power curves in the WLK grid on Wednesday, December 5, 2002.

- 10 power curves on Thursday the 6.12.2001
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Fig. 17. Power curves in the WLK grid on Thursday, December 6, 2002.
The electricity price escapades on the Leipzig Electricity Exchange, EEX, give an idea of the repercussions of the varying availability of wind energy. On Christmas Day, December 25, 2002, between 2.00
h and 9.00 h, for instance, electricity was wasted as there were unexpectedly strong winds, while on
January 7, 2003, at 19.00 h, for instance, electricity was sold at the highest price of 1.71972 €/MWh for
lack of wind in line with the price formation law of supply and demand:
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Figs. 18 a, b, c. Sales and day-ahead electricity prices on the Leipzig Electricity Exchange on
December 25, 2002, and on January 6 and 7, 2003.
4. System requirements
There are many factors which in practice limit the flexibility of operating an electrical supply system in a
reliable way. As a result, different qualities of balancing energy and reserve capacity are required:
§
§

§
§

Up to 10 s: load balancing between generation and consumption comes from the dynamics of
all rotating masses (generators and motors) and a corresponding frequency change in normal
operation of up to around ± 0.1 Hz.
10 s to 2 - 3 minutes: load balancing by primary control of all power plants operating in parallel
at a droop of 4 %, with backup supply through the boiler steam pressure of conventional power
plants in proportion to the overall network power frequency characteristic of the UCTE interconnected system (primary control).
2 - 3 minutes to 10 - 15 minutes: activation of reserve capacity through secondary control and
calling up of pumped-storage capacity and gas turbine reserve capacity in compliance with the
network power frequency characteristics of the national grids or control areas.
8 - 10 hours: calling up and starting up reserve power plants from different levels of readiness.

As the wind energy feed-in to the public grid varies greatly depending on wind availability, power frequency control establishes the required balance between the customers' demand and overall generation by connecting or disconnecting generating capacity from power plants fuelled by freely available
primary energy. Due to interconnected system operation, this is achieved with a total network power
frequency characteristic for the UCTE network of some 17,000 MW/Hz in the individual control areas
(e.g. RWE control area: network power frequency characteristic K = 5,200 MW/Hz) so that frequency
fluctuations in normal operation remain limited to around ∆f = ±0.01 Hz. Thus, thanks to fluctuating

Price
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wind energy feed-in, the power plants contributing to primary control save electrical energy which is
to be valued at almost 1.5 ct/kWh, i.e. the primary energy price for imported coal. As a lack of wind
across the service area extending over a couple of hours cannot be excluded to occur during the lifetime of a conventional power plant pool, with fifteen years for gas turbines and up to forty years for
coal-fired and nuclear power plants, the capacity share which will be permanently available at peak
load, if any, will be rather low. This gives rise to a cost-reducing compensation from generating cost
savings in the amount of around 2 ct/kWh.
The cost-neutral compensation amount for distributing utilities can be somewhat higher as the selling
margin of the electricity producer is added to the energy costs saved through purchases from the upstream supplier and the likelihood of an appreciable capacity share on the peak load day of the local
supply utility may be higher.
Load forecasts made by individual electricity traders can never correspond to the actual load curve
over the time axis. Hence, the transmission system operator must provide the energy required to
compensate the forecast error. However, as transmission system operators do not have any power
plants of their own, the so-called "control energy" needed for balancing is procured through tendering
procedures for a certain follow-up period. The demand for control energy arises in particular in case of
gale-force winds: Entire wind farms have to be shut down at wind speeds of 25 m/s to survive and position their blades in the direction of the wind vane. This situation would correspond to the sudden
outage of a nuclear power plant unit with a capacity of 1,300 MW, for instance, though it would occur
much more frequently.
The first response by the interconnected system is a drop in frequency in line with the network power
frequency characteristic of the overall UCTE network. To counteract this frequency drop, control
power in the form of primary control power is called up from turbogenerator sets operated at reduced
capacity and in the form of secondary control power from reservoir and pumped-storage hydroelectric
power plants. Fig. 19 shows frequency and power curves for such a control action triggered by the
loss of a major share of feed-in capacity: here, the French nuclear power plant of Civeaux with 2,800
MW on August 2, 2000, at 11.14 h. The duration of control power delivery during this incident with a
frequency drop of 0.14 Hz was some 7 minutes, with a network power frequency characteristic of the
UCTE network of around 20,000 MW/Hz.

Fig. 19. Frequency drop and control power activation in case of loss of feed-in capacity.
5. Power equation for a wind energy converter
The rotational energy of the wind turbine is taken from the kinetic energy of the mass air flow. At best,
it is equal to the difference between the kinetic energy of the air masses prior to their interaction with
the rotor blades (speed v1) and that after interaction (speed v2). The resulting power equation already
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gives a theoretical upper limit of the rotation power to be expected. With optimum utilization, the target
is an air flow speed of v2 = 1/3 v1 so that the power equation can be presented as follows from the
difference of the kinetic energy of the inflowing (v1) and outflowing (v2 ) air molecules:

(

)

1
m v 12 - v 2 2
2
dE
ds 2
1
P =
= r A
v 1 - v 22 .
dt
dt
2
E =

(

)

With a mean wind speed in the area of interaction with the blades of:

v +v2 2
1
ds v1 + v 2
=
, this results in: P =
(
rA 1
v 1 - v 22 )
dt
2
2
2
3
16 r A v
1
with v1 = v and v 2 = v , the power is: P =
3
27
2

vm =

With the design-related coefficient of performance cp (cp,max = 0.59 i.e. a maximum of 59 % of the wind
power can be utilized), the power equation of a wind energy converter system (air density ρ = 1.22
3
kg/m , at 15 ºC and 1 bar) is:

P = cp

r A v3
2

with: c p

= f ( λ)

The coefficient of performance cp - which is also referred to as the Betz factor - is dependent on the
design of the wind energy converter and the flow conditions with the tip velocity ratio λ which is the ratio of the tangential velocity of the blade tip vu = 2 π r n to the wind velocity vw:

l =

2p r n
vw

The most favorable coefficients of performance of up to cP = 0.5 are achieved with three-bladed rotors
at a tip velocity ratio λ of around 8.
The mechanical power is converted into electrical energy via a gearbox with a transmission ratio of
around 1:50 and an asynchronous or synchronous generator and/or without a gearbox via a multi-pole
-1
synchronous generator. With a rotational speed of 30 min and a wind speed of 12 m/s, a wind turbine
with a 60-meter rotor diameter would be ideal in operation. In this case, the top speed at the blade tips
is 340 km/h. The largest plants reach top speeds at the blade tips of over 450 km/h.

6. Types of wind energy converters
Modern horizontal-axis wind turbines (HAWTs) comprise the following main components:
§ Tower (tubular or latticed design)
§ Nacelle (to accommodate bearings, brakes, gearbox and generator)
§ Rotor blades
§ Operational building to accommodate grid connection equipment, transformer as well as instrumentation and control systems
The design of the rotor blades of wind energy converters has changed significantly in the course of
time. The first windmill blades had a plain surface and exclusively used the velocity pressure of the
wind. In the 17th century curved surfaces were introduced followed by skewed surfaces later on
which allow the use of dynamic lifting forces in addition to the wind pressure.
The maximum output capacity of a typical Dutch windmill, which is 22 meters in diameter, amounts to
5 to 6 kW [2]. Today's glass and carbon fibre reinforced blades (Prepregs) make use of the latest
findings about aerodynamic profiles and achieve output capacities of up to 5 MW with rotor diameters
of 112 meters. These offer low solidity to the wind at blade tip velocities of up to 400 km/h. Solidity is
the ratio of the size of the blade area to the overall rotor area.
A rotor with a great many wide blades causes more air to spiral than a modern rotor with a few lean
blades. Thus, it does not only cause higher turbulence losses but also reduces the effective swept
area by pushing the streamlines to the outside. Modern rotors with low solidity generate similar torques as conventional rotors, however with significantly higher speeds and thus higher outputs
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(P=ω M). With fixed rotor blades, output capacity is limited at high wind speeds by stalling at the
blade tip (stall control). With adjustable blades (pitch control) the power output can be kept constant
with a given maximum value. Fig. 20 shows the frequency distribution of wind velocities inland and on
the coast as well as the power curves for stall- and pitch-controlled plants as a function of wind
speed:
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Fig. 20. Frequency distribution of wind velocity inland and on the coast and
power curves for pitch and stall control.
The rated capacity is reached at a wind speed of about 13 m/s. With the most frequently occurring
wind speed of some 50% of this value, power output amounts to only 12.5% of the rated capacity ac3
cording to the v law. The wind turbine operates within a wind speed range from 3m/s to 25 m/s. Above
this value, the blades are brought into vane position to secure the overall system's survival during a
stormy period in line with design parameters. Operating a plant for 1 hour at a wind speed of 13 to 25
m/s produces the same electrical energy as operating it for eight hours at a wind speed of 6.5 m/s.
The turbulent development in wind energy converter construction in Germany since 1987 is reflected in
four generations of plants of different sizes which took about four years to develop. With increasingly
built-up areas and limited road transport possibilities it seems that a uniform capacity of 5 MW will be
the maximum size to be realized (Fig. 21).

Cologne cathedral
157 m
Fig. 21. Development of wind power plant sizes and capacities (Source E.ON [13]).
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Figs. 22 to 25 show the development of wind-powered electricity generation in Germany:
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Fig. 22. Number of wind energy converters.
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Fig. 23. Overall capacity development.
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Fig. 25. Average capacity development.

7. Financing of wind energy converters
Apart from private financing of individual plants, large wind farms are increasingly financed by independent manufacturing companies through their share capital or via investment companies. In 2002,
the Handelsblatt newspaper published the following commentary on the financing of wind plants:
"Although they have not sown the wind, the providers of wind power investment funds are
living quite well with the run on their products. Never before have German investors pumped
so much money into new wind turbines, and never before had the annual growth in capacity
been higher than in 2001" (at 2,659 MW; in 2002 even 3,247 MW; in 2003, 2500 to 3000
MW are expected).
By renting out the plant sites, property owners have opened up an additional interesting source of income for the areas which had hitherto been used for agricultural purposes only. Investment companies
do not only make a lot of fuss about their funds but sometimes even exaggerate in their brochures. An
important incentive are the tax-reducing initial losses of such investments which in the past could
amount to up to 100 % of the capital invested.
Apart from the unreliability of the earnings forecasts due to the variability of the natural wind resources
at the respective site over one year, the investment forecasts are often quite as optimistic as well. Nobody knows, for instance, for how long the new large wind energy converters with a capacity of far
more than 1 MW will run with little maintenance effort. No empirical data have as yet been collected for
the cost estimation period of 20 years, not even for the more robust 600 kW plants which were installed in large numbers up until a few years ago.
Contrary to the imparity principle for orderly accounting, the recommendation by the German wind energy association, BWE, for repair and maintenance costs of 1.38 cents per kWh of net yield is often
not fully included in the cost estimates. Acceptable plant costs including ancillary costs of € 0.72 per
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kWh of annual yield, on the other hand, are often exceeded or embellished by an annual yield value
which is determined with great optimism. Accordingly, the distribution forecasts for the funds ranging
from an initial 3 % to 31 % after 20 years should be assessed with the utmost caution. Private investments in wind energy converters amounted to € 3.4 billion at the end of 2001 (Fig. 26). In 2002, some
€ 3 billion were added.
private investments in WEA`s
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1992
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Year of investment
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Fig. 26. Private investments in wind energy converters in Germany.

8. Offshore wind energy converters
With more than 13,500 wind energy converters on land, the acceptance by the general public of new
sites has meanwhile been decreasing considerably. The only way left to approach the federal government's target of 12.5 % of renewable energy generation by the year 2010 despite this trend - where the
dominant share would certainly have to be provided by wind power - is to promote the construction of
plants far off in the offshore region of the North and Baltic Seas in the Exclusive Economic Zone
(EEZ). In a position paper published in May 2001, the Federal Ministry for the Environment plans to
install some 15,000 MW of wind capacity by 2010, 3,000 MW thereof at sea. Hence, more than 30 billion kWh of electricity could be produced from wind energy every year to meet around 6 % of total demand. The offshore area which would be suitable for this purpose in the German EEZ of the North Sea
starts beyond the 12-mile zone and extends into the northwestern area of the North Sea in the form of
a duck's bill (Fig. 28 from the Federal Office for Maritime Shipping and Hydrography, BSH, in Hamburg).
According to a study by the German Wind Energy Institute, DEWI, in Wilhelmshaven, a total of 36,000
to 42,000 MW of wind capacity could be installed in Germany by 2030, with 20,000 to 25,000 MW produced by offshore plants in the North and Baltic Seas. Fig. 26 clearly shows that this area is already
extensively used through shipping routes, oil and gas pipelines, nature reserves, restricted areas of the
German Federal Armed Forces (e.g. submarine diving zones, torpedo target areas), cable routes, etc.
Possible priority areas for wind power utilization are located more than 100 km off the coast, and would
require high-voltage direct-current transmission lines for transporting the energy produced onshore
and further on to the next load junctions. This would add considerable infrastructure costs to the capital
costs, which in the cost estimate would offset the advantage of greater wind speeds at sea with some
4,000 hours of utilization time for the rated capacity. Taking account of the much higher foundation
costs at the bottom of the sea down to a water depth of 40 m, on the one hand, and the aforementioned infrastructure costs for electricity transportation over vast distances in relation to the specific expected yield which is "only" double as high, on the other hand, it is more than doubtful whether it would
be economically justifiable to develop this area.
The first and so far only wind farm approved by the Hamburg-based shipping authority, the “Borkum West” wind farm, is to be erected in the North Sea about 45 km north of the island of Borkum. The 12
plants planned by Prokon Nord Energiesysteme, a company headquartered in the East Frisian city of
Leer, are to be founded in 30 m deep water and are to start producing electricity in the autumn of
2003. The costs of the pilot project are estimated to amount to € 125 to 140 million.
In spring 2003, work is to be started on the erection and anchoring of the approx. 800 ton tripod steel
foundations in the sea bed and the laying of a 112 km long high-voltage submarine cable. The cable
route will start at the wind farm, cross the island of Norderney, reach land at Hilgenriedersiel and will
end at the substation of E.ON AG at Emden Börßum. At the present time, the development of a 245 kV
sea cable is being considered.
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As to further development, it is planned to replace existing plants by facilities with a higher unit output
(repowering) to achieve a better utilization of the onshore sites already used. Also, the offshore areas in
the German North and Baltic Seas are to be developed. Fig. 27 shows the possible future development
of repowering as discussed by the industry:
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4.000

Onshore repowering

Offshore

Offshore repowering

3.000
2.000
1.000
0
1990

1995

2000

2005

2010

2015

2020

2025

2030

Year from 1990 bis 2030

Fig. 27. Site and capacity development in wind power generation in Germany.

Nordsea all utilization

Fig. 28. Survey of projects in the German EEZ of the North Sea (source: BSH [6]).
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Figures 29 and 30 point out the offshore wind power projects in the German North and Baltic Seas targeted by potential investors.
Dan Tysk
1.Phase 400 MW
2.Phase 400 MW
3. Phase auf max. 1500 MW
GEO mbH
Sandbank 24
1.Phase 360 MW
gesamt 2600 MW
Planungsgemeinschaft
Energie und Umwelt Projekt
GmbH
Ventotec West
3 x 600 MW
Arcadis Consult
GmbH

Butendiek
240 MW
Offshore Bürgerwindpark
Butendiek

Weiße Bank
600 MW
Energiekontor
GmbH
Nordsee - Ost
3 Cluster, ges. 1000 MW
Winkra-Energie GmbH

Amrumbank
West GmbH
216 MW
E-ON/Rennert

Borkum West
1. Phase 60 MW
Endausbau 1000 MW
PROKON Nord GmbH

Windland
Meerwind
1. Phase 105 MW
gesamt ca. 1000 MW

Borkum Riffgrund
Start 150-250 MW
Ausbau 800 MW
Plambeck Neue
Energien AG

KAMUE
1000MW
KAMUE
Borkum Riffgrund West
A: 662 MW
B: 675 MW
C: 495 MW
Energiekontor GmbH

200 MW
WKN Husum

Nordergründe
190 - 265 MW
Energiekontor
GmbH
Wilhelmshaven
9 MW
Winkra-Energie

Borkum
100MW

Fig. 29. Wind power projects in the EEZ of the German North Sea (approx. 14,000 MW).

Offshore Windpark südöstlich
von Kriegers Flak
175 MW
WIND-projekt GmbH

Neptun
40MW
Neptun TechnoProdukt GmbH
Nordex, Nordwind

Ventotec Ost
BA 1: 150 MW
BA 2: 450 MW
Arcadis Consult GmbH

Arkonabecken Südost
BA 1: 250 MW
BA 2: 610 MW
Future Energie & BEC
ENERGIE CONSULT

Adlergrund
BA 1: 288 MW
BA 2: 415 MW
OWP Offshore Wind Power
Projektentwicklungs GmbH,
Umweltkontor

???
außerhalb 12 Seemeilen
Zone

Sky 2000
100 MW +
25 MW Versuchsanlage
GEO

Offshore Windpark
Pommersche Bucht
1000 MW
Winkra-Energie GmbH

Fig. 30. Wind power projects in the EEZ of the German Baltic Sea (approx. 3,500 MW).
(source: Siemens)
A technically feasible connection of the offshore wind farm via 145 kV d/c cables is presented in Fig.
31 according to a study by Siemens.
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Fig. 31. Connection of offshore wind farm to the transmission grid (source: Siemens, E.ON [13]).
The problem which would subsequently ensue is the construction of the ultra-high-voltage line from the
North Sea coast to the load centers in the Ruhr valley and Central Germany. This line would have a
length of approx. 1,000 km and would require investments to the tune of approx. € 550 million. Fig. 32
illustrates the load flows from the UCTE partner countries which would have to be balanced by control
power if gale-force winds forced 2,700 MW of offshore wind feed-in capacity to be taken off-line for
safety reasons.

Fig. 32. Transmission of control power in the event of a loss of 2,700 MW of wind power feed-in
(source: RWE Net).

9. Total expected output from wind energy converters in Germany
The total expected output from wind energy converters to be fed into the grid may be estimated using
the wind speed map published by the university of Münster on the Internet, with 12 measuring points
across Germany, in relation to the aggregate rated capacity and weighted with the density distribution
of the plants. Assuming that the distribution density is roughly even, the expected output values standardized to the aggregate rated capacity can be determined as follows:
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The following wind speed maps give some examples of current wind strengths across Germany and
the capacities to be expected prospectively related to the installed aggregate rated capacity. Fig. 33
shows the wind strengths measured at 12 measuring points distributed throughout Germany on July
25, 2002, at 5.00 h and 6.00 h. Most of the time, the relative expected output is of course higher on the
coast than inland. However, the reverse case can be witnessed, too.

Wind speed map
(Measuring height 10 m above ground; stated in knots with 1 kn = 1.85 km/h = 0.514 m/s)
http://www.uni-muenster.de/Energie/wind/wind/welcome.html [7]

Fig. 33. Wind speed map of Germany on July 25, 2002, 5.00 h and 6.00 h.
Standardized aggregate capacity in Germany:
PD = 10.4 % at 5.00 h; 6.8 % at 6.00 h of the aggregate rated capacity
Standardized aggregate capacity of the North and Baltic Sea coastal region:
PK = 59.3 % at 5.00 h; 37.7 % at 6.00 h of the aggregate rated capacity.
Another example of current wind strengths is given in Fig. 34 for the morning of the following Monday,
July 29, 2002, at 10.00 h and 11.00 h. It is noticeable that at 7 kn, corresponding to 3.6 m/s, the wind
just exceeds the minimum value for starting a wind energy converter in the region of the Bavarian forest only.

Fig. 34. Wind speed map for Germany on July 29, 2002, 10.00 h and 11.00 h.
Standardized aggregate capacity in Germany:
PD = 0.2 % at 10.00 h; 0.2 % at 11.00 h of the aggregate rated capacity.
Standardized aggregate capacity of the North and Baltic Sea coastal region:
PK = 0.0 % at 10.00 h; 0.0 % at 11.00 h of the aggregate rated capacity.
10. Wind energy contribution to the E.ON grid
The grid of the E.ON AG deals with the highest value of simultaneous wind power input in Germany. In
the year 2002, the simultaneous wind power input into the E.ON grid was around 3,500 MW. The grid
has an installed windpower of around 5,800 MW and extends between the southern Germany-Austria
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border, the North Sea, Baltic Sea and Danish border. On several occasions, the lowest simultaneous
wind power input was 0 MW. At around 8 TWh, wind power contributed approximately 7% of the annual consumer energy demand of the E.ON grid. The available maximum wind power was between 1%
and 35% of the consumer demand, and the minimum was 0%. Figure 35 shows the daily maximum
wind power input in relation to the simultaneous consumer demand for the year 2002.

Fig. 35. Daily maximum wind energy contribution in relation to the consumer demand
on the E.ON grid, 2002.

11. Blackout danger from overpowering or power deficit in the UCTE-grid.
An example of a widespread grid collapse that resulted in total loss of electrical energy supply happened to the UCTE-grid (Union of Transmission of Electricity) in Italy on Sunday 28.9.2003. At
3:01a.m. foul weather caused damage to power transmission lines between Switzerland and Italy. With
the controls implemented by the regulations specifying over-work cut-out of the remaining lines of the
grid, a power overshoot of approximately 6,700MW occurred at 3:29a.m. (3,500MW from Germany +
3,200MW from France). This resulted in a steep increase in grid frequency relative to the measure of
the power coefficient that was in place at the time of interruption. Due to counter measures that combat the reduction in production power, the safe, stable running of the remaining European grid resumed shortly afterwards at 4:40a.m.
Black out in Italy at 28.9.2003 on 3.29 pm
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Fig. 36. Alterations in frequency attributed to the transit power cut in Italy, September 2003.

11. Incidents and images of damage to wind energy converters

According to estimates by the German insurance association, GDV, a total of € 30 million
were paid in premiums for insuring the wind machines compared to almost € 45 million paid in
damages for plant outages (this corresponds to around 0.3 ct/kWh).
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Crash of nacelle in Husum,
January 28, 2002
Crash of nacelle in Siebenlehn,
April 6, 2003
February 10, 2000: Tower
Collapse
Enercon E 32, 300 kW
Year of construction: 1992
Location: Asel in the district
of Wittmund / Lower Saxony

April 20, 2002: Fire
VESTAS 1.5 MW
Total height: 108 m
Year of construction: 2000
Location: Bad Wünnenberg-Haaren near Paderborn
Storm damage in
Ellenstedt,
Vechta district,
on October 27, 2002
Capacity: 600 kW
Hub height: 70 m
Rotor diameter: 41m
Year of construction: 1997
Damage: approx. € 750,000

Rotor blade struck by lightning

August 4, 2002: Fire

Location: Brockstedt
Steinburg district
Material damage: €1.5 m

VESTAS V80, 2 MW
Year of construction: 2002
Location: Katzenberg near
Meißen

Sept. 9, 2002: Rotor severed
NEG - Micon M 1500, year of
construction: 1996
"Hoher Vogelsberg“ wind farm
Location: Ulrichstein-Helpersheim
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Fig. 37. Damage to wind converter.

13. Generation mix and electricity costs
The various ways of generating electricity cover a wide range: From hydropower used right from the
beginning of electrification at the turn of the last century to processes of coal or natural gas combustion and nuclear fission to wind energy converters and photovoltaic plants to the direct conversion of
the sun's radiant energy into electrical energy. Today's power plant mix in Germany is presented below, broken down according to volume shares and specific costs.

Where does our electricity come from ?
wind:
3 % at 9.1 Cent/kWh

sun:
0.03 % at 50 Cent/kWh

water:

waste and biomass:

4 % at 3 Cent/kWh

2 % at 3 Cent/kWh

natural Gas:

nuclear energy:

9 % at 3 Cent/kWh

30 % at 2 Cent/kWh

Total costs derived from the sum
of all volume shares and its
pertinent costs: 3 ct/kWh
hard coal:
24 % at 4.5 Cent/kWh

lignite:
28 % at 2 Cent/kWh

Fig. 38. Volume distribution of the generation mix with specific costs of electricity generation.
Thanks to the cost socialization brought about by the Renewable Energy Act, electricity generation
from wind energy has turned out to be a profitable business for all those involved, such as investors,
manufacturers and leaseholders.
This is nothing to be ashamed of as the legislator expressly encourages this activity. What would be
dishonest, however, would be to obscure the economic deficits by seemingly objective arguments.
What is the cost of electricity for residential customers? What is the cost of electricity for industrial
(annual consumption 4000 kWh, 2003: rd. 17 Cent/kWh)
customers (2003)?
value-added tax:
2.33 Ct/kWh

power generation:
3.00 Ct/kWh

ecotax:
2.05 Ct/kWh

metering:
0.9 Ct/kWh

power generation:
3,50 Ct/kWh

metering:
0,12 Ct/kWh
Grid usage incl. cogeneration:
6.56 Ct/kWh

Fig. 39. Breakdown of total costs of supplying
residential customers from the lowvoltage network incl. value-added tax.

14. Tariff-rate options

ecotax:
1,23 Ct/kWh

Concession levy:
0,11 Ct/kWh

Renewable Energy
Act, EEG levy:
0.43 Ct/kWh
Concession levy:
1.6 Ct/kWh

Renewable Energy
Act, EEG levy:
0.43 Ct/kWh

Grid usage incl.
cogeneration:
2,59 Ct/kWh

Fig. 40. Breakdown of total costs of supplying
special-rate customers from the
medium- voltage network without valueadded tax.
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An interesting feature was introduced to the residential customer market when E.ON, at the beginning
of 2002, launched the "mix power" offer accompanied by quite a large advertising campaign. With this
offer, every customer has the possibility to freely choose the portfolio they want from the power generation mix on the basis of plausible real generation prices.
The detailed cost breakdown according to the various types of generation and plausible prices have
put an end to the fraudulent labelling that a small extra charge would be enough to buy "green electricity". After deduction of administrative charges for state levies and grid usage costs, the remaining
electricity generation costs are as shown in the following table:

Standing charge 9.99 €/month
Corresponding to 3.00 ct/kWh
at 4,000 kWh/a

E.ON Mix Power

Supplier

RWEavanza
8.17 €/month
13.57 ct/kWh

Primary energy
and energy price

100 % sun
72.80 ct/kWh
100 % Wind
23.46 ct/kWh
100 % Biogas
21.80 ct/kWh
100 % water
16.36 ct/kWh
100 % coal
15.33 ct/kWh
100 % nuclear energy
13.29 ct/kWh
Mix
Annual report

Total price incl. standing charge
at 4,000 kWh/a
Offer price before VAT
Offer price
and remaining generact/kWh
tion costs 1)
ct/kWh
75.80

65.34 – 11.42 = 53.92

26.46

22.81 – 11.42 = 11.39

24.80

21.38 – 11.42 = 9.96

19.36

16.69 – 11.42 = 5.27

18.33

15.80 – 11.42 = 4.38

16.29

14.04 – 11.42 = 2.62

16.02

13.81 – 11.42 = 2.39

Yello
Mix
6.6 €/month
15.18
13.09 – 11.42 = 1.67
Annual report
13.20 ct/kWh
Table 1. Electricity price offers and generation costs of various suppliers in
the deregulated market for residential household customers
1) Less legally or contractually fixed costs, such as 1.79 ct/kWh ecotax, 0.27 ct/kWh Renewable Energy Act levy,
1.64 ct/kWh concession levy (average), 0.90 ct/kWh metering costs and 6.56 ct/kWh grid usage costs incl.
0.26 ct/kWh cogeneration levy, altogether 11.42 ct/kWh of administrative levies.

According to Spiegel Online, the "Mix it, Baby" advertising campaign of the E.ON group had swallowed
up more than € 22.5 million by the beginning of 2002. The success of the campaign, however, has
fallen far short of expectations. According to internal company figures, a total of only 1,100 customers
have opted for the "mix power" electricity. The advertising costs thus totaled € 20,454 for every new
customer. E.ON nonetheless considered the campaign to be a success because it clearly improved the
Group's image.
The advertized "Perfect mix for Oliver Kahn" certainly poses no financial problem to professional
football players in the German premier league but it certainly is a problem for football fans:
35 % sun, 30 % wind, 20 % water and 15 % biogas.
With an annual consumption of 4,000 kWh, this mix results in electricity costs of € 1,682.40 compared
to those incurred for the natural mix of the German power plant pool of around € 650.00. Oliver Kahn
can surely afford it. But if 40 million households opted for this mix, this would add an extra € 40 billion a
year to their electricity bills. The unfortunately low level of acceptance clearly shows, however, that
there is a very strong discrepancy between the often articulated ambitious responsibility to one's
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own basic convictions and the concrete action responsibility, especially when it comes to your own
pocket!

15. Electricity trading on the electricity exchange
Trading on the electricity exchange is an essential feature in price formation in a liberalized electricity
market. Electricity exchanges are the European Energy Exchange EEX in Leipzig, Powernext in Paris,
and the Amsterdam Power Exchange APX in Amsterdam.
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Fig. 41. Daily curve of trading volume and electricity prices at the electricity exchanges on Friday,
July 19, 2002.
The hourly volumes consumed in aggregate in Germany range between 50,000 MWh and 80,000
MWh while the hourly trading volumes in Leipzig amount to 5,000 to 10,000 MWh. Thus, on this very
Friday, 4 to 6 % of the overall volume consumed in the respective trading hour were traded in Germany. Thus, the great majority of volumes is still covered by fixed purchase agreements. On Friday,
July 19, 2002, the lowest electricity trading price on the Leipzig Electricity Exchange was reached in
th
the 5 hour after midnight at 3.07 €/MWh, corresponding to 0.307 ct/kWh, the maximum price in the
th
12 hour at 37.12 €/MWh corresponding to 3.712 ct/kWh. These figures compare with the compensation fees under the Renewable Energy Act for wind power of presently 9 ct/kWh or for solar power of
currently 48.1 ct/kWh (2002).
On Christmas Day, December 25, 2002, the electricity price situation at the Leipzig Electricity Exchange was even more extreme. Between 3.00 h and 9.00 h, a total of 23 million kWh were given off
free of charge. On January 7, 2003, at 19.00 h, the price soared to 1,719.72 €/MWh for one hour as a
result of a sudden lack of wind and want of control energy.
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Figures 42 a and b. Daily curve of trading volume and electricity prices at the Leipzig Electricity Exchange on December 25, 2002 and from January 1 to January 8, 2003.

16. Electricity price development
In a deregulated electricity market, electricity generation costs must stand comparison with the traded
stock exchange prices decisive for electricity purchases.
Purchasing contracts are concluded with a one-year lead time for base load, full load or peak load
supplies and are binding. The present trend in electricity forward prices in Germany in the period
March 1, 2000 to September 1, 2003 is illustrated in Fig. 43, with delivery starting in the subsequent
year in each case. The time-span considered shows a slightly increasing trend for "full load supply of
municipal utility" from approx. 2 ct/kWh to approx. 4,5 ct/kWh.

Fig. 43. Electricity forward price development for electricity supplies in the years 2001 to 2004.
The spot prices for hourly contracts show a price volatility of 10 to 500 €/MWh (corresponding to 50
ct/kWh) and sometimes even more. This is illustrated in Fig. 44 using the price development in the
month of July 2002 as an example:
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Fig. 44. Electricity price development for hourly contracts for supplies on the following day in
October 2002 (ZFK).
Apart from market-based volatilities in electricity price formation in a deregulated electricity market,
primary electricity price changes can be expected on account of energy policy requirements. These
are, for instance, the phase-out of nuclear energy, should it be completed after all, increased use of
renewable energy sources as a necessary consequence and reduction of domestic hard coal use.
Fig. 47 outlines the change from our current balanced generation mix to a technically conceivable visionary mix of the future in line with current energy policy expectations. With the present status quo,
this would result in an increase in the electricity generation costs from currently approx. € 15 billion to €
45 billion. wind:
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Fig. 45. Current and fictitious future mix of electricity generation.

17. Conclusion in terms of energy economics
The daily routine at the stock exchange clearly shows that it is extremely risky to make a plausible cost
estimate for electricity prices on the basis of spot market prices. In particular, the dependence of the
electricity costs, which has been plausible so far, on the demand set up, on the one hand, and the
electrical energy withdrawn over time, on the other hand, will be lost. This would also certainly lead to a
loss of confidence on the electricity customer's side towards their contract partners, the electricity suppliers.
The above concrete examples are to illustrate that a much sounder cost estimation basis for all those
involved would be an electricity supply or purchase agreement, which is concluded on the basis of annual billing data, has an open purchase capacity within the range of the network connection capacity
agreed as well as demand rates and energy rates. This would lay the foundation for a sustainable
customer relationship based on mutual trust.

18. Summary
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With more than 13,500 plants of different capacity ranges, Germany has meanwhile become the
world's No. 1 in generating electricity from wind power, covering around 3.5 % of the electricity requirements at home. This is due, on the one hand, to the successful promotion by the Renewable Energy Act (EEG) and, on the other hand, to the tax breaks from loss allocation and depreciation. In
terms of output capacity, which is around 12,000 MW, wind power has already exceeded the 15 %
mark related to the annual maximum demand in winter of around 80,000 MW. Related to the minimum
load during nighttime in summer, wind power has already achieved a system-relevant share of more
than 20 %. During low-load periods, load dispatchers today already have to balance power gradients of
more than 10 % of the respective network load per minute, which are increasingly covered by the provision of balancing power from conventional power plants.
The legally fixed permanent subsidy burden of the electricity industry due to the high compensation fee
for wind power alone currently amounts to € 1.4 billion a year (around € 100,000 per WEC) and has
thus reached the order of magnitude of hard coal subsidizing, though for a much lower electricity volume. While resources are saved in line with the sustainability requirement, subsequent generations will
have to carry considerable financial burdens from this subsidy pot. If base load capacity from nuclear
power plants is replaced in the medium term, this will not reduce but rather increase CO2 emissions as
generation from gas turbines will have to be increased temporarily in times of flagging winds.
A conceivable contribution of wind energy of say 10 % requires an annual permanent subsidy of some
€ 3.5 billion. As has been ascertained for German hard coal across all party lines, we will not be able to
economically afford this approach even if the gradual phase-out regulation is fully implemented and the
permanent subsidy is reduced to € 2.3 billion. A study by Prof. Dr. Haubrich at the Institute of Power
Systems and Power Economics (IAEW) at the RWTH Aachen University entitled “Technical limits to
the feed-in of electricity from wind energy converters" has come to the following conclusions:
§
§
§
§

from 2016, E.ON Netz will have to spend an annual € 850 million on balancing power to the detriment of its own network costs;
there will be capacity bottlenecks in the high and extra-high-voltage grids of the northern area;
network development at E.ON Netz will require an additional investment of approx. € 550 million;
and
new transmission lines of up to 1,000 km will have to be built.

At the present time, RWE Net already has to keep an additional reserve of 400 MW of balancing power
on account of fluctuating wind power feed-in.
As electricity from photovoltaic systems is almost exclusively fed into the low-voltage grids and the total
output capacity is hardly of any importance, the technical impact on network control is still negligible.
The author would like to refrain from commenting on the question of whether
§ the substantial financial burden due to the forced use of renewable energies,
§ the increase in CO2 emissions as a result of nuclear free power generation, or
§ the acceptance of the operation of the world's safest nuclear power plants and ultimate disposal
on a subsidy-free cost basis and with further potential for improvement by research and
development
will place a greater burden on future generations in a globalized world. This should be left to the
policymakers who have the legitimate power to decide this issue on the basis of the facts and
circumstances described.
In line with the equation:
"Clarity plus verity equals credibility",

circumstances and possibilities should therefore be objectively presented with all chances and
risks in line with the legal basis and practicable regulations.
In terms of sustainability, however, the following statement by David Lloyd George should be
taken into account:
"Every generation has to complete its day's march on the road
to progress. A generation walking backwards on the ground it has
already gained would double the march
for its children".
This is a fate that we should certainly spare our children.
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At the winter meeting of the German Nuclear Society, KTG, in Bonn on January 27/28, 1998, his Eminence, Cardinal Schwery of Sion in Switzerland, presented a paper on "Nuclear industry and ethics".
The audience was pleased to hear that those working in the field of nuclear technology may and
should continue to do so for a good cause with great responsibility. Cardinal Schwery pointed out the
following, among other things: "...nuclear energy, too, comes from God, our Creator, so that its
peaceful use cannot be inspired by the devil."
The words Klaus Hemmerle, Bishop of Aachen, who unfortunately died much too early, wrote to me in
a letter dated November 7, 1993, could also be pointing into the right direction. In connection with the
peaceful use of nuclear energy for power generation, which could contribute to climate protection in a
very special way, should the CO2 climate theory come true after all, he commented as follows:
"Carefreeness and confidence on the one hand,
caution and circumspection on the other hand,
prepare us for bearing responsibility".
With a blink of an eye he that: “God grants very plead - unless he knows something better”. There is
nothing to add to this statement.
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