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Abstract: 
This paper presents a recent analysis of wind energy integration into the electricity system of Austria and 
Germany. The main focus was on the interaction of wind power production and flexible demand to im-
prove the total system efficiency. Detailed simulations of wind power production and power plant opera-
tion were used to quantify additional reserve power. An assessment of possible demand responses pro-
vided first evidence that the costs of additional reserve power could be reduced and that demand response 
may be a valuable option for integrating wind power into electricity systems. This research was done in 
cooperation with the Vienna University of Technology, Energy Economics Group (EEG) and was funded 
by the Austrian Ministry of transport, innovation and technology (BMVIT) under the program "Energy 
Systems of Tomorrow". 

 

1 Introduction 
Recent studies on the integration of wind energy 
into electricity systems concluded that increased 
efforts are necessary to balance and control the 
power system if wind penetration increases. So 
far, the main strategies looked at to secure a 
high penetration of wind power generation in an 
electricity system were driven by the supply 
side or comprise the introduction of storage 
options.  

The key studies examining additional costs for 
system operation, especially the issue of balanc-
ing power [1, 2] found additional costs per 
MWh wind power in the range between 1 and 
10 €/MWh. 

The results of a recent study of the German 
electricity system, which analysed wind pene-
tration up to 36 GW, showed that extended 
balancing power is necessary [1]. With the in-
creasing penetration of wind power, a maximum 
of 19.4 % and an average of 9 % of the installed 
wind capacity would have to be added to exist-
ing positive balancing power. For the maximum 
negative balancing power, the corresponding 
values were 15.3 % or 8 % on average. The 
additional balancing power depended on the 
next day's wind forecast. Research within the 

scope of the European project GREENNET 
calculated the additional costs for balancing 
power at up to 3 € per MWh wind energy for 
electricity systems with high wind penetration. 
Further costs between 0 and 5 € per MWh wind 
energy are expected for grid extension espe-
cially if large offshore wind farms are con-
structed [2]. Studies by the UCTE1 [3] empha-
size the existing congestion between Germany 
and the Netherlands during the day as well as 
congestion between Germany and Denmark at 
times of high wind power generation. 

For the above mentioned reasons, strategies to 
integrate large scale wind power generation are 
high on the academic research agenda. One such 
strategy is the introduction of new large storage 
options into the electricity system. However, 
state-of-the-art research has provided evidence 
that these options will not be economically 
competitive in the near future compared to ex-
isting supply options [4, 5]. 

Another promising strategy is the intensified 
introduction of demand response into the elec-
tricity system. Experiences with demand re-
sponse in Nordic countries [6] have already 

                                                           

1 Union for the Co-ordination of Transmission 
of Electricity (UCTE) 



demonstrated the feasibility of this option to 
overcome restricted network and generation 
capacities. 

Therefore, our analysis was based upon the 
expected enormous potential for demand re-
sponse in the German and Austrian electricity 
markets that could be used to manage the pre-
dicted increase in balancing capacity and re-
stricted network capacity due to increased wind 
generation.  

2 Methods and Data 
The method used in this study was a dynamic 
time based high-resolution simulation model of 
electricity demand, wind generation and power 
plant operation. A new approach in this study 
was the introduction of demand response in the 
electricity systems of Germany and Austria. The 
necessary balancing power was also simulated. 

A database was developed containing time se-
ries of total demand and the potential of flexible 
demand. Wind power simulation was performed 
on the basis of over 180 wind speed measure-
ment locations. The necessary balancing power 
was derived from typical deviations for wind 
power and demand prognosis. The wind power 
time series and the demand time series formed 
the main input to the energy system model next 
to parameters of the demand and supply side. 
The model was then used to simulate power 
plant operation on an hourly basis. Finally, the 
availability and costs of generation capacity for 
balancing the system were compared with de-
mand-side options. In the following sections, 
the main data sources for the different parts of 
the energy system model are described. 

2.1 Demand and demand re-
sponse (basis for load curve 
and shift potential) 

The description of the electricity demand was 
based on several studies undertaken at the 
Fraunhofer Institute for Systems and Innovation 
Research (FH-ISI) and the TU Vienna (EEG) 
that covered the industry, commercial and resi-
dential sectors (fans, pumps, compressed air, air 
conditioning and refrigeration). The result was a 
detailed breakdown of the electricity consump-
tion with regard to sectors and appliances. This 
consumption data was then projected into the 

future until the year 2020 taking main structural 
changes in the sectors into account. For the 
analysis of the interaction between wind genera-
tion and electricity demand, a load curve of the 
total demand on an hourly basis was developed 
using publicly available data from the UCTE 
and E-Control [7, 8] and own investigations of 
FH-ISI and EEG. Besides the total demand load 
curve, further load curves of flexible appliances 
were generated. An overview of the appliances 
that were considered for load shifting in this 
study is given in Table 1. Around 48 TWh elec-
tricity demand were used in cooling compres-
sors in the year 2000. The main appliances were 
fridges and freezers in the residential sector, 
cooling and air conditioning systems in the food 
retail and food industry sector and gas liquefac-
tion plants in the chemical industry. Other ap-
pliances which were suitable for demand re-
sponse like ventilation appliances or washing 
machines consumed about 45 TWh in year 
2000. A third group suitable for demand re-
sponse were energy intensive processes in the 
steel, paper und chlorine industry that consumed 
about 10 TWh. 

Table 1: Appliances and energy demand prin-
cipal suitable for demand response in 
different sectors in Germany in 2000 

Sector Appliance Category 
  Storage Flexible 

Resi-
dential 

refrigeration 
washing 
drying 

dishwashing 

16 TWh  
4 TWh 
5 TWh 
4 TWh 

Tertiary refrigeration 
ventilation 

10 TWh  
7.8 TWh 

Public refrigeration 
ventilation 

2 TWh  
3.6 TWh 

Indus-
try 

refrigeration 
ventilation 

20 TWh 
 

 
20 TWh 

Proc-
esses 

pulp & paper 
chlorine-alkali 

steel (EAF) 

1.9 TWh 
 
 

1.3 TWh 
3.8 TWh 
3.2 TWh 

Source: ISI database, [9] 

Depending on economic incentives, only part of 
this electricity demand can be activated for 
demand response. It is expected that especially 
the energy-intensive branches will be willing to 
participate in demand response programmes in 



order to lower their electricity costs as first 
experiences in Norway have already indicated 
[6]. 

2.2 Simulation of wind power 
generation 

The wind power generation was simulated using 
wind speed data from around 180 locations in 
Germany and 15 locations in Austria. The result 
was a time series for one year with an interval 

of ten minutes. The calculation adapted meas-
ured temperature and atmospheric pressure 
changes and used a logarithmic height correc-
tion to derive wind speeds at average hub 
heights of the turbines. The model is described 
in detail in [10]. An overview of the calculation 
is given in Figure 1. The derived time series 
were validated with data of measured wind 
power generation [11]. 
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Figure 1: Calculation procedure of the ISI wind model 

2.3 Operation of the electricity 
system (balancing power, 
load and wind prognosis) 

The operation of the electricity system was 
simulated to derive the impacts of the wind 
power generation on the remaining power 
plants. The development of the generation ca-
pacities until 2020 is given in the appendix. The 
conventional power plants were classified by 
fuel use and short term marginal costs of opera-
tion. These costs were used to obtain the opera-
tion schedule of the power plants and made it 
possible to identify which power plant would be 
substituted by wind power generation.  

The amount of balancing power was calculated 
using the difference between wind power and 
load prognosis on the one hand and actual wind 
power production and actual load on the other. 
The balancing power was then derived from the 

deviation of the actual values from the progno-
sis values. 

To simulate the wind power prognosis, the per-
sistence prognosis was used which was cali-
brated by the typical standard deviation and 
maximum deviation of the prognosis tools used 
by transmission system operators today. Future 
improvements of wind power prognosis were 
simulated by lowering this typical standard 
deviation of the error. Typical standard devia-
tions of state of the art nationwide prognosis 
tools for Germany are in the range of 7 % based 
on total wind power installation [12, 1]. The 
prognosis horizon is in general 24 hours ahead. 
Our study used a standard deviation of 6.5 % for 
Germany and 13 % for Austria in the baseline 
scenario. 

Typical standard deviations of the error of the 
load forecast on a nationwide level are in the 
range of 2 % of the peak demand. For the simu-
lation tool, the developed load curve was 



adapted using a random curve that represented a 
standard deviation of 2 % with an average value 
of zero. 

2.4 Cost calculation for balanc-
ing power 

Balancing power can be provided by numerous 
generation technologies. In our study, hydro 
storage and pump-storage power plants, conven-
tional power plants in part load and gas turbines 
were considered to contribute to balancing 
power. The costs for these technologies were 
calculated from the short-term marginal costs 
plus the opportunity costs for not bidding on the 

spot market. Additional costs due to lower effi-
ciency in part load were also taken into account. 
The costs for different technologies that supply 
balancing power are given in Table 2. The op-
portunity costs plus cost due to efficiency losses 
provided a coarse estimate of additional costs 
due to the extended use of balancing power. As 
can be seen, the best options are pump-storage, 
combined cycle power plants and gas turbines 
due to their low opportunity cost. Coal- and 
lignite-fired power plants have the highest costs 
for balancing power, because these technologies 
generate high marginal income and therefore 
have high opportunity costs.  

Table 2: Cost calculation for balancing power 

  
Pump-
storage CCGT Coal Lignite 

Gas-
turbine

Efficiency at full load % 75 58 47 44 38 
SRMC (short-term marginal 
costs) €/MWh 30.7 27.2 14.1 9.1 42.6 
Emission tCO2/MWh(th) 0.279 0.198 0.35 0.374 0.198 
Efficiency at 70% part load %  56.84 46.53 41.8 35.34 
Start up factor      1.2 
Spot market price €/MWh 34 32 27 29.1 50 
Cost increase due to part load €/MWh  0.6 0.4 0.7 0 
Opportunity costs €/MWh 3.3 4.8 12.9 20 7.4 

 

2.5 Scenarios for Germany and 
Austria 

To analyse the situation in Germany and Aus-
tria, the framework conditions had to be consid-
ered. In Germany, the installed wind power 
capacity is much more evenly distributed than in 
Austria. Adding the fact that wind power prog-
nosis tools are already widely used in Germany 
results in a more accurate wind power prognosis 
here (standard deviation is 6.5 % compared to 
13 % in Austria). For the simulation of the bal-
ancing power supply, the share of available 
capacity was given according to installed capac-
ity and typical power plant operation (see Table 
3). Wind power capacity was assumed to in-
crease in Germany to 39 GW in 2020 and to 1.4 
GW in Austria. Maximum electricity demand 
load was 92 GW in Germany and 10.5 GW in 
Austria. 

Table 3: Parameters for the baseline scenario 

Baseline scenario Austria Germany 
Wind expansion Business as usual 

scenario 
Wind year average 
Wind prognosis 
deviation 

σ = 13 % σ = 6.5% 

Load prognosis 
deviation 

σ = 2 % 

Share of additional balancing power 
Pump-storage hydro 80 45 
Combined cycle gas 
turbine 

10 5 

Coal 0 15 
Lignite 0 10 
Gas turbine 10 25 

 



2.6 Energy system model 

The data for the demand and shift potential, the 
generated time series for wind and demand, the 
prognosis of the time series and data about the 
conventional power plants were used as input 
for the energy system model. This was then 
used to calculate different scenarios of wind 

expansion. The flow diagram of the energy 
system model is given in Figure 2. The first part 
comprises the calculation of balancing energy 
and balancing power. The second part is then 
the cost and CO2 allocation for additional bal-
ancing power and the calculation of the CO2-
reduction by substitution of conventional power 
plants. 
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Figure 2: Flow diagram of energy system model 

 

3 Results 
The main results comprised the best options for 
balancing the electricity system. Furthermore 
the substitution of conventional power plants by 
wind generation was obtained to calculate the 
CO2 benefits that could be achieved by using 
wind power. Technical potentials for flexible 
demand were found in all electricity-using sec-
tors. The potentials in industry were the most 
cost-effective. With low and medium penetra-
tion of wind energy, the balancing power had to 
be increased by less than 50 % of the existing 
balancing power. This could be handled with 

the existing system at marginally higher costs of 
between 1 and 5 €/MWh wind energy. With 
high penetration, the balancing power would 
have to be doubled. At this point demand re-
sponse can become a competitive option. 

The comparison of supply- and demand-side 
options for balancing power showed that flexi-
ble demand could play a significant role in bal-
ancing the electricity system. It can help to 
better integrate fluctuating resources like wind 
power into the Austrian and German systems. 



3.1 Demand response potential, 
best options 

The derived results of the demand response 
potential were given on a theoretical level in the 
previous section and are disaggregated to the 
actual appliances in this chapter. The quantifica-
tion of the technically and economically realis-
able demand response potential is linked with 
numerous uncertainties. Much depends on the 
individual cost-benefit analysis of the electricity 
consumers. For this reason, the following poten-
tials can only give an overview of appliances 
that are worth looking at in more detail. 

An in-depth analysis was done in the pulp and 
paper industry, the chlorine industry and the 
steel industry. The demand response potential 
for the German pulp & paper industry was 
found to be around 460 MW (20 % of maximum 
power demand). A part of this is probably al-
ready being contracted by the electricity suppli-
ers. The costs to activate this potential were 
found to start at 7 Cent/kWh if the load shift 
was known 24 hours in advance. The demand 
response could be realised mainly by changed 
production planning (160 MW). The delay time 
was expected to be several hours. Shorter times 
are possible for shifting electricity demand for 
stock preparation processes (300 MW). The 
delay time was estimated to be several hours. 

In the chlorine industry the electrolysis process 
was identified to provide demand response up to 
900 MW. This power could be provided mainly 
by the mercury cells process (600 MW) and the 
membrane cells process (260 MW). Both proc-
esses could operate in part load. The delay time 
was estimated to be between a couple of min-
utes up to several hours. 

In the steel industry the demand response poten-
tial was estimated to 400 MW, which could be 
provided by electric arc furnace. This repre-
sented about 50 % of the total power demand 
for electric arc furnace. The delay time was 
expected to be a couple of hours. As a typical 
batch process this potential could be activated 
on short notice. Costs were found to start at 
about 10 Cent/kWh. 

Further potential in the industry sector was 
found in the cross cutting technologies of cool-
ing compressors and fans for ventilation. The 

electricity demand for these appliances was 
40 TWh in Germany in the year 2000. Assum-
ing a constant power demand for these appli-
ances, this amounted to 4.5 GW. The demand 
for cooling compressors is the highest in the 
food industry followed by the basic chemical 
industry. The basic chemical industry also has 
the highest share in the consumption of electric-
ity for ventilation followed by the pulp and 
paper industry.  

In the tertiary sector, demand for cooling 
amounted to 12 TWh in the year 2000 with 
almost 6 TWh in the retail sector, mainly food 
retail. The typical daily power demand ranges 
between 400 and 1000 MW. The second largest 
sector with cooling demand was the hotel and 
restaurant sector. 

A huge potential was identified for appliances in 
the residential sector. The electricity consump-
tion of cooling devices and washing, drying and 
dishwashing machines lies between 1.8 and 7 
GW depending on the time of day. The demand 
response potential per household was found to 
be in a range of 50 to 200 W. Additional poten-
tials were found in electrical heating appliances 
that added up to an electricity demand of over 
40 TWh. 

3.2 Additional balancing power, 
additional balancing costs 

The simulation showed that the amount of bal-
ancing power necessary to operate the electric-
ity system increases with additional wind 
power. The highest effect was seen in Germany 
for the year 2020 when penetration reached 39 
GW. Our analysis showed that 1,500 MW addi-
tional minute reserve power was necessary in 
2005 with 17 GW wind power installed. This 
would increase to more than 6 GW additional 
minute reserve power in 2020 when 39 GW 
wind power is assumed to be installed. The 
figures are shown in Table 4. The additional 
balancing energy increased from less than 3,404 
GWh for the year 2005 to more than 13,310 
GWh in 2020. The influence of wind power in 
the Austrian system was less dominant because 
the penetration rate here only reached 4 % in 
2020 compared to 18.1 % in Germany. Addi-
tional balancing costs reached 2.85 € per MWh 
wind energy in Germany and about 
1.29 €/MWh in Austria.  



The estimation of additional cost for the 
changed operation of conventional power plants 
that were not operated as balancing capacity 
was found to be between 0.5 € per MWh wind 
energy and 1 € per MWh. The costs were 
mainly determined by the amount of substituted 
lignite and coal power plants which operated 
with lower load factors. The yearly load factor 
determined the total efficiencies of the power 

plants to represent more frequent start ups and 
part load operation (for details see [13]). The 
additional costs were then calculated from these 
efficiency losses and represented mainly higher 
fuel costs. 

The total additional costs for balancing power 
plants and conventional power plants accumu-
lated then to 3 to 4 € per MWh wind energy in 
Germany and 1.5 to 2 € per MWh in Austria. 

Table 4: Additional balancing power in the Austrian and German electricity systems 

  Germany BAU scenario Austria BAU scenario 
Year Unit 2005 2010 2015 2020 2005 2010 2015 2020 
Wind year  average average 

Wind prognosis deviation % 6.6% 6.6% 6.9% 7.4% 14.3% 12.8% 12.8% 12.5% 
Demand prognosis devia-
tion % 2% 2% 
Final electricity demand 
incl. losses TWh/a 515 533 540 546 57 63 67 71

Wind power capacity MW 
 

17,000 
 

23,100 
 

29,400 
 

39,000 654 1,162 1,209 1,494

Wind power generation GWh 
 

29,850 
 

43,915 
 

65,484 
 

98,987 1,226 2,138 2,232 2,760
Wind penetration 
(MWh-Wind)/(MWh-Load)  5.8% 8.2% 12.1% 18.1% 2.2% 3.4% 3.3% 3.9%

Additional balancing energy GWh 3,403 5,414 8,137 13,310 189 384 395 513
Additional balancing power MW 1,563 2,530 3,769 6,139 90 189 194 255
Additional minute reserve 
day-ahead MW 

 
996 

 
1,530 

 
2,179 

 
3,416 74 145 150 196

Additional yearly costs 1000 €/a 
 

70,903 
 

115,897 
 

173,153 
 

281,858 1,146 2,576 2,635 3,569
Additional costs per MWh 
wind energy €/MWh 2.38 2.64 2.64 2.85 0.93 1.20 1.18 1.29

Additional CO2 emissions tCO2/a 
 

96,878 
 

157,077 
 

223,166 
 

351,077 142 822 818 1,522

Gross CO2 reduction kg/kWh(Wind) 0.862 0.725 0.695 0.669 0.742 0.588 0.570 0.480
CO2 reduction 
(cons. part load/start-stop) kg/kWh(Wind) 0.808 0.698 0.663 0.631 0.693 0.554 0.543 0.461

Total costs M€/a 70.90 115.90 173.15 281.86 1.15 2.58 2.63 3.57
Total net CO2 reduction MtCO2/a 24.02 30.48 43.20 62.08 0.85 1.18 1.21 1.27

 

3.3 Sensitivity of wind prognosis, 
different capacity for balanc-
ing power 

The amount of additional minute reserve power 
and balancing energy was determined by the 
standard deviation of the wind prognosis error. 
An improvement of the prognosis accuracy to a 
standard deviation of 6.5 % for the Austrian 
system lowered the additional reserve power by 
almost 66 %. For Germany, an improvement 

from 6.5 % to 4.5 % reduced the additional 
minute reserve power by 50 %. The same reduc-
tions occurred for the related costs for balancing 
power. 

If cheaper technology options were excluded 
from the balancing power portfolio, costs in-
creased significantly. If fewer pump storage 
power plants were able to be used for balancing 
power, costs increased up to 2.4 €/MWh. In this 
scenario, pump storage provided only 15 %, but 
coal and lignite provided 40 % of balancing 
power. For balancing power in Germany, a shift 



from pump storage to coal and lignite power 
plants led to a cost increase of up to 4.0 €/MWh. 

3.4 Demand response as regulat-
ing power, necessary cost, in-
tegration into the system, re-
alisable profits 

The first insights into the demand response 
potentials for the German and Austrian electric-
ity systems showed a number of suitable appli-
ances. The identified available power for de-
mand response in the German industry sector 
was 6.3 GW. For demand response options, the 
prices that could be achieved were between 100 
and 400 €/MW on the German minute reserve 
market in 2004 [14]. Part of the identified po-
tential should be competitive at these prices. 
Taking the pulp and paper industry for example 
the utilisation of 10 % of the production capac-
ity for demand response could save about 4 % 
of electricity costs. A communication infrastruc-
ture, suitable tariffs and a functioning market 
are all necessary for the integration of demand 
side management. Also the other suitable proc-
esses should be available for demand response 
at the given price band. 

A technical assessment of available appliances 
and shift times in the residential sector was done 
for the Austrian system. The potential was high 
enough to supply the minute reserve market in 
2005. The expected growth of the minute re-
serve market could still be supplied by the resi-
dential sector in daytime in 2020. For the Ger-
man system for example 60 % of the cooling 
and ventilation appliances in industry and terti-
ary sector would be necessary to provide the 
minute reserve market. 

4 Discussion 
For the development of balancing power a com-
parison with the results of [1] showed the addi-
tional minute reserve to be in the same range. A 
main factor for future development is the im-
provement of wind power prognosis tools that 
have an important influence on the integration 
of wind power. Up to a certain amount of wind 
power penetration (which was found to be be-
tween 40 and 50 GW for the German electricity 
system), balancing can be managed using the 
existing capacity and structures. The analysis 

showed furthermore that demand response may 
be a valuable option competitive with supply 
side options, especially in the near future when 
wind power capacity exceeds 25 GW. The tech-
nical potential is available. 

In general, the additional system costs for wind 
integration found in this study were at the lower 
end of the figures published by other interna-
tional studies [2]. The main costs were the op-
portunity costs for not selling on the spot mar-
ket. Not considered were costs due to a different 
structure of the conventional power plant capac-
ity. This will also play an important role in the 
future, but was not in the focus of this study. 

The best way to integrate demand response into 
the German and Austrian electricity market is 
the further development or establishment of 
balancing pools like the ones established by the 
German SaarEnergie [15] or the RKOM market 
in Norway. They already allow customers with 
flexible demand or supply capacity much lower 
than 30 MW to participate in the balancing 
markets. The main barriers to further develop-
ment are cheap communication infrastructures 
and market conditions which take into account 
the hourly and daily changing costs of electric-
ity generation. This should reflect the depend-
ence on actual load and fluctuating generation 
capacity. 

Experiences in the Nordic countries demonstrate 
the importance of integrating the demand side to 
cope with fluctuating generation capacities like 
hydropower plants in Norway or wind genera-
tors in Denmark. Coping with increasing bal-
ancing capacities seems to be realisable at much 
lower costs with flexible demand than a system-
wide installation of storage technologies or an 
extension of conventional generation capacity 
for balancing purpose only. 
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Appendix 
 

 

 

 

Table 5: Development of generation capacities in the German and Austrian electricity system [16] 

 Power Plant Capacities in MW 
Austria 2000 2005 2010 2015 2020 
Hydro, run of river 3,793 3,793 3,793 3,793 3,793 
Coal 769 769 769 1,300 1,300 
Lignite 256 256 256 256 256 
CCGT 427 427 1,000 1,500 2,000 
Gas turbine 346 346 700 1,000 1,300 
Hydro, storage 4,096 4,096 4,096 4,096 4,096 
Germany 2000 2005 2010 2015 2020 
Hydro, run of river 2,603 2,603 2,603 2,603 2,603 
Nuclear 19,679 19,679 15,175 12,289 9,868 
Lignite 18,070 18,070 17,124 20,359 21,690 
Coal 24,007 24,007 27,991 24,736 23,155 
CCGT 9,561 9,561 11,107 9,822 9,822 
Gas turbine 7,997 7,997 11,900 13,800 17,800 

 

 

 


