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1. Executive summary 
 

1.1. Introduction 
 
This report is written in the framework of the EUSUSTEL-project, funded by the European 
Commission. In this project on European Sustainable Electricity, a comprehensive analysis of the 
future European demand and generation of European electricity and its security of supply is made. 
Ten different scientific and academic partners from all over Europe have worked together on the 
different work packages. To help guarantee that the views of the scientists are not too different 
from what real life shows, during the project, there was an intensive interaction with the electric 
industry, especially via its umbrella organisation, Eurelectric. Hereby, Eurelectric has acted as a 
‘Special-Focus Industrial Advisor’. To hear the voice of other major stakeholders, a Consultative 
Committee, was established. 
 
This final report summarises all the work that has been carried out during this 2 year project. The 
different chapters refer to the different work packages. It is important to mention that this report 
goes hand in hand with the project website www.eusustel.be. On this website, all detailed 
information, final deliverables, lists of references, etc. can be found. 
 

1.2. Country-wise analysis of the 25 European member states 
 
All the partners in the EUSUSTEL-project, from ten different member states in the EU, were 
contacted to describe the current national energy policy on a level of all 25 EU member states. 
They have been asked to critically review the electricity provision and to tackle meanwhile 
questions like “What are the consequences of the ongoing liberalisation process? Is the “dash for 
gas” still going on and is this a European or a national tendency? How do the member states deal 
with the (post) Kyoto targets? Etc.” As the authors are closely related to the national energy 
situation, their criticism results in an added value; their reports are more than just a simple 
summary of existing documents. Their contributions can be found in this report.  
 
The information, as can be found in the different country reports, can be divided into five parts. The 
first part gives the present factual information on geography, demography, economy, energy, 
electricity and environment. The next part discusses the trends on the abovementioned issues in 
past, present and future. The third part discusses the results of energy studies, carried out on the 
national level. The fourth part discusses the national policy on energy, electricity and environment 
and the last part deals with country-specific peculiarities. Without going too much into details, the 
country reports give a good overview and a critical analysis of the energy and electricity provision 
of all 25 EU member states. 
 
Although all country reviews are written according to a provided template, national influences can 
be found in it. The reports reflect the European Union as it is: a mosaic of 25 countries, with their 
own culture and heritage, but within a global framework. Nevertheless, it is not impossible to draw 
some general conclusion. All countries are faced with comparable challenges concerning energy, 
electricity and environment, and very often, comparable policies exist – within the national context 
– to cope with them. 
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Although the reports are not focused on a small time window, it is important to realise that they 
only give a snapshot of the current situation of the member states: market situation can change 
rapidly and policies can swing with elections, etc. This makes that the described results can not be 
extrapolated as such. 
 

1.3. Anticipation of the future electricity demand 
 
The demand for electricity is not easy to predict. Electricity demand is closely related to the 
demand of energy services and to the efficiencies and costs of end-use technologies. The economic 
growth and the share of the different sectors (e.g. services vs. industry) influence the demand for 
energy and electricity as well. The fuel prices are another important factor. They have a non-
negligible impact on both economic growth and the demand for energy services, but they are very 
uncertain to predict. 
 
So it is clear that anticipation of the future energy and electricity demand is not a simple question to 
be answered and that a careful analysis is needed to analyse this problem. The chapter on the 
anticipation of the future electricity demand tackles some problems which need to be taken into 
account, and describes some pathways to analyse and influence the future energy demand. 
 

1.4. Electricity generation technologies and system integration 
 
This chapter concentrates on the supply side. The most important technologies for electricity 
generation (and storage) are treated, ranging from well-established ones all the way up to 
unconventional and even speculative conversion technologies. Each of these technologies has been 
scrutinised, especially with its potential for further development in the future. In addition, the 
integration of decentralised generation into the overall electricity generation system is treated, both 
from an energetic-technical and environmental point of view. 
 
In order to come up with a consistent set of data, a data comparison has been performed. The main 
purpose of the review was to determine a consistent data set for further activities, such as 
computation of electricity generating costs. It is quite essential though that the proposed data, 
derived from the reviewed sources, are defined in a systematic way based upon traceable standards, 
in order to avoid any bias in cost calculation. Technological and economic data (and their future 
projections) from different sources have been compared. This comparison is very useful to show 
the reader the existing uncertainties on the data and cost figures of the different technologies. It is 
important to realise that uncertainties exist, and so, one has to be very careful and critical when 
using figures and numbers and to know where they come from. 
 

1.5. Regulatory and market framework of energy markets 
 
In the full report on this work package, firstly the current legislation and regulation of energy 
markets are discussed. In this first section, the content of the main European Directives and 
Regulations establishing the current energy market in Europe are discussed. Next, a state of affairs 
of the internal energy market is presented. Finally, boundary conditions and guidelines for the 
proper functioning of future energy markets are provided. 
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1.6. Determination of the total social cost of electricity generation 
 

1.6.1. Average Lifetime Levelised Generation Costs (ALLGC) 
 
The levelised cost calculations incorporate all the expenses associated with a project over the entire 
lifetime. Not only the investments but also the interest charges on borrowed funds needed to 
finance the construction and desired rate of return on investment are considered, and all running 
costs. The levelised cost calculation presents the expenses and revenues as a real annuity where the 
payments are assumed to be for the same Euro amount in every year of the plant’s lifetime. The 
levelised costs enable to make a more objective economical comparison between different energy 
options. 
 
The private cost of generating electricity may include in addition to the average lifetime levelised 
generation cost (ALLGC) also other cost items that may vary from region to region, from time to 
time. Such cost items may be for example environmental taxes on fuels, carbon emission charges, 
system integration costs, etc. 
 
A few interesting observations can be made from the cost calculations: 

• coal-fired and nuclear condensing power have close to same generation costs and rank best 
in the comparison; 

• new technologies show an impressive progress in cost reduction over time; cost of on-shore 
wind fully competes with traditional base load power plants from 2020 onwards and may 
even provide the cheapest electricity of all generation technologies; 

• the choice of the interest rate influences as expected the electricity cost of investment 
heavily, but this does not essentially change the mutual ranking; 

• the cost reductions for mature technologies such as natural gas, nuclear and coal-fired 
power generation turn out to be quite small up to 2030; 

• the largest cost reductions are expected with photovoltaics, or a factor of 5-6 from today up 
to 2030; but this requires a true market breakthrough of PV in large scale. 

 
Finally, the above cost estimates from the EUSUSTEL analysis were compared to recent other 
studies reported, namely with IEA’s World Energy Outlook 2006 and the US International Energy 
Outlook 2006. The exact economic parameters used in these studies were not known in full detail. 
Also, the numbers given are more applicable globally than on a regional (e.g. European) basis. The 
most striking difference is in the cost of natural gas electricity (CCGT) which is clearly higher in 
EUSUSTEL than in the two other studies. Nuclear power comes also much cheaper in EUSUSTEL 
as well as the coal-fired power. The range of wind power cost is much broader in EUSUSTEL 
though the lowest cost estimates appear slightly lower in EUSUSTEL than in the other sources. As 
already mentioned in the work package on the technology descriptions, this comparison is very 
useful to show the reader the existing uncertainties on the data and cost figures of the different 
technologies. It is important to realise that uncertainties exist, and so, one has to be very careful and 
critical when using figures and numbers and to know where they come from. 
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1.6.2. Considerations on ‘shadow costs’ such as back-up costs, risk premium, etc. 
 
The introduction of wind power or any other intermittent energy source on a large scale, affects the 
electricity-generation system. The inflexibility, variability, and relative unpredictability of 
intermittent energy sources are the most obvious barriers to an easy integration and widespread 
application of wind power. In addition, since the technology is relatively new, still many 
unanswered questions remain concerning wind power. The knowledge on the use and operation of 
wind power in a multitude of electricity-generation systems is not based on the same amount of 
experience as for conventional technologies. 
 
Although wind power is probably the most studied intermittent energy source, many issues still 
require more investigation. The effects of several parameters, such as the gate closure time, the 
geographical spread, the composition of the electricity-generation system, the extent of the wind 
power introduction and the backup provision rules, on the short and long term, remain ambiguous 
to a certain extent. Moreover, it is important to bear in mind that, currently, most systems are 
modelled for the operation of conventional power plants. The introduction of wind power may 
severely change the needs for efficient operation of the electricity-generation system. The entire 
concept may have to be rethought, so as to most optimally combine and use each of the available 
energy sources. 
 
The impact of intermittent generation, and more specifically wind power, on system operation and 
reliability is discussed. Mainly due to the specific uncertainty and variability of wind power as an 
energy source, it affects both security and adequacy of an electricity-generation system. Utilities 
attempt to uphold a minimum level of reliability while at the same time minimising system costs. 
The generation schedule is most likely to be adjusted with the introduction of wind power as to 
allow for an efficient and cost-effective operation of the system. Therefore, the balancing, unit 
commitment and backup generation capacity of the system undergo changes due to wind power. 
These changes can bring about additional costs or benefits for the society. The backup cost of wind 
power is the term used to refer to this type of cost. 
 
The additional costs and benefits that wind power brings about are strongly related to these 
parameters. Several studies have been using country data to provide estimates of these costs. These 
have to be seen in light with the desired benefits of wind power, such as emissions reduction and 
security of supply. Weighing off the total costs and benefits is the only way to make a sound 
analysis of wind power as an alternative for electricity provision. 
 

1.6.3. Identification of the differences in CO2 emissions due to electricity generation, 
depending on the different generation systems in the EU-25 countries 

 
This section looks at the influence of the large scale introduction of cogeneration and other 
technologies like wind, solar and biomass. Besides that, different methods to implement the 
intermittent character of generation sources (focus on wind) are analysed and the impact of the 
same measure in different member states is compared. There will be dealt with the introduction of 
heat pumps in Belgium, France, Germany and The Netherlands. 
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All results are based on the simulation code PROMIX. As discussed before, although this model 
has been developed for the Belgian generation park, the results can easily be interpreted into a 
larger context. For the comparison of the impact of certain measures, PROMIX has been enlarged 
with the generation parks of France, Germany and The Netherlands. 
 
Overall emissions can be significantly reduced whenever biomass units are installed and whenever 
this amount is increased. However, one may not forget that sufficient qualitative resources are 
needed to supply those units. Massive introduction of other decentralised sources (e.g. solar and 
wind) result in emission reductions as well, but to a much lesser extent. For Wind Energy 
Conversion Systems (WECS), the emission reduction potential increases with the amount of 
installed units, but only sublinearly. If the output profile could be smoothened, the reduction 
potential would become larger because of the more efficient use of the base load plants. The 
introduction of capacity credits reduces the emission reduction potential, compared to the situation 
without bringing into account capacity credits. This is related to the inhibiting of the renewing 
evolution of the power system, which would naturally lead to reduced emissions. The analysis has 
shown that the consequences of changing the electricity demand (e.g. by the massive introduction 
of electric heating and heat pumps) will influence the GHG emissions in a different way. This will 
depend on the composition of the country’s electricity generation park. 
 
As a general conclusion, it can be said that every change in an electricity generation park (on 
centralised or decentralised level), or every measure which influences the electricity demand or 
supply, has an impact on the overall system. This has to be examined in a dynamical way! 
 

1.6.4. Determination of the global external costs 
 
An externality is commonly defined as a cost that arises when the social or economic activities of 
one group of persons have an impact on another group and that impact is not fully accounted for by 
the first group. During the operation of a power station, there are some emissions which cause 
damages to human health, crops and materials among others, generating an externality because the 
resulting impacts are not taken into account by the generator. Externalities also arise in other stages 
of the fuel cycle, up and downstream, such as the mining and processing of the fuels, the 
construction of the plant, the waste treatment and the final decommissioning. Thus, to fully 
calculate the external costs all the main impacts from all the stages have to be considered. 
 
For present and future years, the highest external costs correspond to coal technologies followed by 
fuel cells and coal technologies with CO2 capture and sequestration. Then follow biomass 
gasification and natural gas technologies. In the first periods, biomass gasification shows higher 
values than gas technologies. From 2020 on, gas combined cycle external costs exceed those for 
biomass gasification except for the gas technologies with CO2 capture and sequestration. 
 
Regarding the renewable technologies, photovoltaic technologies external costs drop through time 
mainly due to increments in efficiency. Wave and tidal have the highest costs for the renewable 
technologies, while geothermal and hydrothermal have the lowest. Wind energy presents 
intermediate values. Finally, nuclear fission technologies have similar costs to those from 
renewable technologies. 
 



 
EUSUSTEL – Final Technical Report 

6

Table 1 shows the external costs for all the technologies and periods in cEuro/kWh. 
 

Technology 2005 2010 2020 2030 
Lignite, IGCC 1.3861 1.3179 1.2455 1.2349 
Lignite, ST 1.4488 1.4260 1.2970 1.2970 
Coal condensing 1.0628 1.0628 1.0628 1.0628 
CCGT 0.4383 0.4313 0.4179 0.4043 
Natural gas CS  0.2928 0.2849 0.2820 
Lignite CS  0.7336 0.6935 0.6758 
Nuclear fission 0.0293 0.0278 0.0278 0.0278 
Wind onshore 0.0156 0.0127 0.0127 0.0127 
Wind offshore 0.0156 0.0106 0.0106 0.0106 
PV  0.0744 0.0753 0.0533 0.0369 
Biomass gasification 0.5247 0.4684 0.3747 0.3187 
Hydro Large scale 0.0054 0.0054 0.0054 0.0054 
Geo Conventional 0.0054 0.0054 0.0054 0.0054 
PEMFC 0.7431 0.7431 0.7431 0.7431 
PAFC 0.7766 0.7766 0.7766 0.7766 
MCFC 0.6969 0.6969 0.6969 0.6969 
SOFC 0.6172 0.6172 0.6172 0.6172 
Wave 0.0939 0.0939 0.0939 0.0939 
Tidal 0.0483 0.0483 0.0483 0.0483 

Table 1 External costs in cEuro/kWh 

 
1.6.5. Determination of the total social cost of electricity generation 

 
Given the variations in technical and economic parameters for the various generation technologies, 
a synthesis of all available information allows calculating the total social cost of electricity 
generation based on an illustrative data set. The total social costs of electricity generation 
summarise the private and external costs of a technology and therefore indicate its use of resources 
from an economic and environmental point of view. It can be regarded as a relative measure for 
sustainability.  
 
Summarising the calculation results for the various electricity generation technologies, regarding 
Average Lifetime Levelised Generation Costs and external costs for CO2 and other emissions, it 
can be observed that the conventional power plants are projected to have economic advantages 
compared to technologies using renewable energy sources like wind and solar PV. 
 
Given the comparatively high overnight investment costs for wind and PV combined with the low 
utilisation rates due to wind supply and solar radiation, renewable electricity is becoming more 
competitive in the year 2030 but faces still higher total social costs. Table 2 presents the total social 
costs of electricity generation for the selected conventional and renewable technologies for the 
years 2010 and 2030. 
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Technology Capacity 
factor 

Invest. 
Costs

Thermal power plants

Lignite 
(1050MW)

85%
-

Lignite, CCS 
(1050MW)

85%
-

Hard Coal 
(1020MW)

85%
-

Hard Coal, CCS 
(1020MW)

85%
-

Natural Gas 
(CCGT)

85%
-

Natural Gas, 
CCS (CCGT)

85%
-

Nuclear 
(3rdGen.)

85%
-

Biomass 
(IG,Wood)

85%
-

RES low high low high low high low high
high 434.12 440.78 643.19 649.85 285.70 292.36 407.96 414.62
low 414.51 421.17 612.09 618.75 214.88 221.54 295.58 302.24
high 223.25 230.49 327.78 335.03 148.49 155.73 209.62 216.86
low 213.39 220.64 312.18 319.42 112.94 120.19 153.29 160.53
high 507.34 514.06 752.88 759.61 325.53 332.25 467.19 473.91
low 485.26 491.99 718.20 724.93 242.85 249.58 337.29 344.02
high 260.13 267.41 382.90 390.18 168.73 176.01 239.56 246.84
low 249.03 256.31 365.50 372.78 127.15 134.43 174.37 181.65
high 116.92 122.96 148.10 154.14 110.57 116.61 138.63 144.67
low 112.19 118.23 141.03 147.07 101.10 107.14 124.48 130.52
high 74.59 81.34 93.29 100.05 70.73 77.49 87.57 94.32
low 71.73 78.48 89.03 95.78 65.02 71.77 79.05 85.80

25% 123.68 130.43 163.70 170.46 115.88 122.64 151.80 158.56
40% 81.53 88.68 106.54 113.70 76.62 83.78 99.07 106.23

Backup costs Backup costs

20%

20302010

5% 10% 5%

50.75

51.35

Backup costs Backup costs

59.18

Wind Offshore

PV Roof
10%

20%

Wind Onshore
15%

25%

PV Open Space
10%

47.73

 -

28.19

10%

46.99

-

53.07

51.76 61.36

43.38

65.13

56.59

 -

60.47

 -

50.46

 -

43.88

77.21

 -

54.52

26.23

61.26

54.67

67.29

61.15

54.09

59.65

40.06

72.73

 
Table 2 Total social costs incl. backup costs of selected electricity generation technologies in the years 

2010 and 2030 [€/MWh] 

 
1.7. Scenario analysis 

 
As a part of the project, a scenario analysis has been carried out. Four different scenarios have been 
modelled with both the PRIMES1 and the TIMES-EG2 simulation code. The scope of the scenarios 
is 2030, and the emphasis has been put on 3 pillars, of which the project partners believed to be 3 
major challenges for the future European electricity provision. The first pillar is a reduction of the 
greenhouse gas emissions, the second focuses on the security of supply, and the third on the costs 
of the electricity provision. 
 

                                                 
1 The PRIMES-model has been developed at NTUA, Greece. 
2 The TIMES-EG model has been developed at the University of Stuttgart, Germany. 
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The PRIMES results illustrate that the baseline scenario represents an unsustainable evolution of 
the EU energy system. Non sustainability is evident with respect to carbon dioxide emissions and 
import dependence. 
 
All alternative scenarios deliver substantially lower carbon dioxide emissions but differ in their 
assumptions about means and policies. 
 
The Post Kyoto (PK) scenario, based on policies that are already in place within the baseline 
scenario, reduce emissions mainly by means of switching fuel mix in favour of gas, by developing 
renewables and by applying Carbon Capture & Storage (CCS) technology on new thermal power 
plants. This menu of actions is characterised by relatively low cost-effectiveness, does not mobilise 
the efficiency potential in demand sectors and does not address the security of supply issue. 
 
The Post Kyoto – All Technologies (PKAT) scenario assumes removal of restrictions on nuclear 
energy and considerably employs nuclear energy as a means for lower carbon emissions. This 
relaxes constraints and lowers abatement costs from their high levels found for the PK scenario; 
hence overall cost-effectiveness is improved. The nuclear option induces lower generation costs 
and reduces the overall cost of curbing emissions. However, in the PKAT scenario, energy 
efficiency in demand sectors does not progress as it could if additional policies were in place. The 
PKAT scenario allows for a small but noticeable improvement in terms of import dependence. The 
new structure of energy in PKAT scenario favours nuclear to the detriment of coal-based CCS 
technology and renewables. However, it still relies on gas. Therefore in PKAT dependence on gas 
imports remains a matter of concern.  
 
The Limited Import Dependency (LID) scenario illustrates the implications from applying energy 
taxation on fossil fuels. Energy taxation induces lower energy demand, higher efficiency and larger 
switching in fuel mix in final energy sectors. Hence, the contribution of demand sectors to carbon 
emission reduction is considerable. In addition, the energy taxation considerably improves the 
situation with respect to imports of hydrocarbons; however the transport sector, hence the imports 
of oil display inertia of adjustment. The improvement with respect to security of supply takes place 
at the expense of energy costs: consumers and the economy bear high costs in all domains of 
energy use and conversion. 
 
The TIMES-EG scenario analysis shows that different policy measures for CO2 mitigation and 
security of supply strategies lead to significant differences in costs and performance of the 
electricity market in the European Union. It can be concluded, that a policy which combines 
emission control strategies with the present technology policy measures is not projected to be the 
least cost strategy for the European electricity market. Support schemes for RES and the phase-out 
policy for nuclear generation in some of the European countries induce higher costs without 
reducing the import dependence of fossil fuel significantly. Assuming for a least cost approach to 
reach essential CO2 mitigation targets, nuclear generation and efficient natural gas power plants as 
well as modern coal based power plants with Carbon Capture and Storage technologies are 
projected to be the most favourable options. 
 



 
EUSUSTEL – Final Technical Report 

9

1.8. Compatibility check 
 

1.8.1. Compatibility with liberalisation of electricity and gas markets 
 
The results from the two models are substantially the same, in particular concerning electricity 
generation technologies. The main difference is that the split between coal and gas is more sensitive 
to parameter variations in TIMES. This is explained by the more straightforward optimisation in 
TIMES compared to PRIMES. 
 
The cost of electricity generation is systematically lower in TIMES than in PRIMES, in particular 
in the starting year, but decreasing during the optimisation period. This is also explained by the 
structure and calibration of the models. PRIMES has been calibrated to represent the European 
energy markets over more than ten years and used in many studies. The version of the TIMES-EG 
model used for EUSUSTEL is using a dataset that is specific for the study, and the results on 
electricity prices are in dual values from the linear programming optimisation. In of the weaknesses 
mentioned above, the conclusion is that both sets of model results represent the state-of -the-art for 
scenario models available for the European electricity market. 
 
The report defines the potential network challenges that arise under the different scenarios of the 
EUSUSTEL project. Scenarios that are especially demanding for the transmission grid are 
scenarios with a lot of renewables (which will largely be wind) and scenarios that rely on import to 
secure supply. Scenarios that are especially demanding for the distribution grid are scenarios with 
distributed generation and demand response programs to manage demand with real time metering 
and balancing. Furthermore, it should be underlined that transmission grids are not islands. They 
are actually more and more interconnected to create an Internal Electricity Market in the European 
Union (IEM). This implies that policies from other countries and especially neighbouring countries 
compete for scarce transmission network capacity, and are often conflicting due to a lack of 
coordination. Certain new technologies could play an important role in the establishment of a true 
IEM. 
 

1.8.2. Cross check concerning security of supply 
 
Electricity demand increases more than the primary energy demand. New uses like heat pumps, 
plug in hybrid vehicles or the development of second generation biofuels will increase the demand 
and require more production means. Europe is becoming more and more dependent upon outer 
countries as far as fossil fuels are concerned. This dependence cannot only be solved by a market 
approach since political issues are also concerned. Therefore it is important that Europe enhance a 
diversification of supply sources and reduce its dependence on a specific country or region. Energy 
savings, sobriety, energy efficiency should be the priority to maintain our electricity consumption 
to a reasonable level and even decrease it while keeping a similar quality of our way of life. 
Renewable energies as well as nuclear energy are essential if Europe wants to increase its security 
of supply and the number of jobs. 
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1.9. Development of a conceptual framework for sustainable electricity 
supply 

 
The concept of sustainable development is the generally accepted guiding principle for further 
development. In 2001, the European Council stated in Gothenburg that “Sustainable Development 
offers the European Union a positive long-term vision of a society that is more prosperous and 
more just, and which promises a cleaner, safer, healthier environment – a society which delivers a 
better quality of life for us, for our children, and for our grandchildren. Achieving this in practice 
requires that economic growth supports social progress and respects the environment, that social 
policy underpins economic performance, and that environmental policy is cost-effective.” 
 
Various international and national organisations have been developing criteria and sets of indicators 
to measure and assess one or more aspects of sustainable development. The UN Commission on 
Sustainable Development, the OECD and the EU Commission have indicators for sustainable 
development in general. Other organisations like the IEA, Eurostat, IAEA, EEA, etc. have a set of 
indicators for sustainable development, but with a special focus on the energy sector. 
 
Although the importance of sustainable development and a good set of indicators is known, there 
are many different definitions and interpretations, and a widely accepted operational definition is 
lacking. A generally acknowledged set of specific indicators does not currently exist neither are 
approaches for integrating them, to assess the sustainability performance. 
 
Based on the analysis of the fundamentals of sustainable development and the various general 
definitions of the term, the following conceptual framework of a sustainable energy development 
was considered appropriate. 
 
An energy supply system can be regarded as sustainable, if: 

• the potential for a beneficial supply of energy services for the following generations 
increases (or does not decrease), i.e. the technically-economically accessible resource base 
for the provision of energy services can be extended; 

• the substance release due to energy use does not exceed the absorption capacity of natural 
resources as a sink; 

• energy services are provided with the least resource input possible, including the 
environmental resources. 

 
As far as the assessment of energy technologies or energy supply chains is concerned, their relative 
sustainability is basically determined by the overall resource consumption including environmental 
resources on a functional unit basis. The total social cost per unit of energy or energy service 
provided, is a useful indicator to account for overall resource consumption. They include the 
private as well as the external cost. 
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1.10. Final conclusions: recommendations for R&D priorities 
 
Although the European energy scene is constantly evolving, there are some challenges which 
remain constantly present. The first challenge is about the sustainable character of the energy & 
electricity provision. Energy & electricity provision does not have to be in conflict with 
sustainability by definition. Some management guidelines for a sustainable energy provision will 
be given. 
 
The second challenge forms the link between the environmental consequences of energy & 
electricity provision and the reality of the existing economic framework, i.e. the liberalised market. 
Already now, the environmental regulations play a major role in the energy provision, and this role 
is not expected to decrease in the future. But e.g., a strict climate policy or severe clean-air 
regulations should not undermine the competitiveness of the European market. In order to ensure a 
security of investment, a coherent energy policy and legislation are of major importance.  
 
A third major challenge is the one about security of supply. In the European Union, oil and gas 
account for a high proportion of energy use generally. Good R&D priorities are necessary in order 
to focus on some technology options which give both an answer to the environmental concerns and 
on the issue of security of supply. 
 
It is clear that the European Union has to prepare for more expensive oil and gas and for more 
stringent environmental regulations. In order to face those two challenges, the EU has to focus on a 
sustainable electricity provision system, in which not one specific technology becomes dominant. 
Energy efficiency and renewable, gas fired, clean coal and nuclear technologies do all have an 
important role to play in the future electricity generation. It is of extreme importance that all 
options can be discussed in a serene debate, based on objective arguments. In order to reach the 
common goal of a sustainable electricity provision, large R&D efforts and a good coordination 
between the R&D programmes of the different Member States, are required. 
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2. Country-wise analysis of the 25 European member states 
 

2.1. Introduction 
 
How unified is the European Union when it comes to energy policy? Do all member states face 
similar environmental challenges related to electricity provision? What are the consequences of the 
ongoing liberalisation process? Do some member states deal with a historical burden? Is the “dash 
for gas” still going on and is this a European or a national tendency? How do the member states 
deal with the (post) Kyoto targets? Does the EU needs to worry about security of supply? ...  
 
Energy specialists, from ten different member states in the EU, were contacted to describe the 
current national energy policy on a level of all 25 EU member states. They have been asked to 
critically review the electricity provision and to tackle meanwhile questions like mentioned above. 
As the authors are closely related to the national energy situation, their criticism results in an added 
value; their reports are more than just a simple summary of existing documents. Their contributions 
can be found in this publication.  
 
The different chapters of this publication are written in the framework of the EUSUSTEL-project, 
funded by the European Commission. In this project on European Sustainable Electricity, a 
comprehensive analysis of the future European demand and generation of European electricity and 
its security of supply is made. Eurelectric and VGB operate, among others, as industrial advisors. 
 

2.2. Results & general trends 
 
Before going into detail in the next 25 country reports, this section describes the main, general 
trends, results and emphases which can be found in all reports. It is important to realise that this 
publication gives a snapshot of the existing situation, which implies that one has to be very careful 
when extrapolating the given results. 
 
The information, as can be found in the different country reports, can be divided into five parts. The 
first part gives the present factual information on geography, demography, economy, energy, 
electricity and environment. The next part discusses the trends on the abovementioned issues in 
past, present and future. The third part discusses the results of energy studies, carried out on the 
national level. The fourth part discusses the national policy on energy, electricity and environment 
and the last part deals with country-specific peculiarities. 
 
Although a framework is provided, the final result shows the different emphases, depending on the 
author’s interpretation. This different interpretation and the varying resulting reports illustrate the 
European Union as a mosaic of cultures, policies, strategies… within a EU-framework. 
 

2.2.1. Demography & Economy 
 
Although the population in the EU is not 'fast growing' – i.e. rather stabilising, the number of 
households is increasing. Households become smaller and tend to have only 2 persons. The process 
is already in an advanced phase in the EU-15 states, but the same trend is ongoing in the new 
member states. 
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In general, GDP is increasing in all member states, but there are some differences in growth rate. 
The newcomers see a more rapid economic growth, with annual growth percentages up to 5% (e.g. 
Hungary, Poland, Latvia and Slovenia), while some old members face only a 1% GDP growth rate 
(e.g. Portugal). It is expected that those fast growing rates will gradually decrease to a more modest 
percentage of approximately 3%. The European economy tends to become more and more service-
based, and the share of agriculture and (heavy) industry is decreasing all the time. In the different 
member states, the share of services to the overall GDP varies between 50 (Ireland) and 80% 
(Luxembourg). The industry takes 15 (Cyprus) to 45% (Ireland) for its account, while agriculture is 
only responsible for a 0.5 (Luxembourg) to 5% (e.g. Greece and Lithuania) share. 
 
Both the above described trends on demography and economy, influences the energy management 
(use and intensity), as will be discussed further on. 
 

2.2.2. Energy 
 
Fossil fuels are very important in the EU. Oil is the most important one, as it is the base product for 
both the chemical industry and transport. Natural gas is important for electricity generation and for 
heating appliances in houses. Recently, the interest in coal is again increasing (especially for 
electricity generation), both because of the increasing gas prices and the importance of security of 
supply. 
 
The EU is heavily dependent on imports for natural gas and oil, as the EU-domestic resources are 
very limited, or even poor. Coal is abundantly available in the central and eastern member states of 
the Union (e.g. Poland, Czech Republic and Germany). 
 
The aim is to unbundle the GDP-growth and the energy use as much as possible. On the one hand, 
the industry makes a really good effort on the field of energy intensity and energy use. But on the 
other hand, the service & commercial sector, the households and the transport sector face an 
increasing use of energy. 
 
Although the energy market is liberalising, the interest in district heating – a regulated activity – is 
increasing. E.g. Denmark strongly encourages district heating. 
 

2.2.3. Electricity 
 
Electricity use is growing, and it is not expected that this growth will slow down in the near future. 
Electricity is an important form of energy. 
 
Table 3 gives an overview of the most important electricity generation options as they are found in 
the EU. The right column gives some remarks, questions or topics of interest which are mentioned 
very often in the case of the respective generation technology. 
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Electricity production technology Peculiarities 

Nuclear Waste & safety issues; legal phase out in some MS 
Natural gas Heavily relying on fuel imports 
Coal/lignite Environmental concern; existing EU-domestic resources

Hydro Largest share of existing renewable potential  
(for large scale hydro power plants) used 

Oil Very moderate use 
CHP3 Increasing interest 
RES High interest, R&D-efforts needed, grid issues 

Table 3 Overview most important electricity production options & remarks 

 
For the future electricity generation, a broad range of technologies is envisaged. Until recently, both 
in the context of low gas prices and the environmental concern, gas-fired power plants were seen as 
the most important contributor to the future electricity provision. Low emissions, a small 
investment cost and a short construction time were seen as its major advantages. But with the recent 
gas price surges – the continuation of which is everybody's guess – the interest in clean coal 
technologies is increasing and a lot of R&D-efforts exist (and are still needed) on coal. Also in the 
discussion on the security of supply issue, coal-fired and new nuclear power plants are important 
options. Besides those three “classical4” options, renewable energy sources are of interest as well. 
Although generally the growth ratio is large in most of the EU member states, the absolute and 
relative share in the electricity provision differs from country to country. E.g. in Spain, Germany 
and Denmark, the impact of wind power is large, but in other countries (e.g. Belgium), until now, 
renewable energy sources only provide a marginal share in electricity generation. 
 
To ensure a reliable electricity provision, all member states realise the importance of a good 
electricity network. Sufficient cross-border transport capacity is a key issue to make import and 
export possible. Countries where new nuclear base load capacity is foreseen (e.g. France and 
Finland), realise that this choice is important for the region import/export strategy. Import and 
export, which is closely related to security of supply, becomes a strategic issue. 
 

2.2.4. Environment 
 
The reduction of emissions, which is the major environmental concern in the EU, is double-sided. 
On the one side, the reduction measures for SOx-, NOx-, NMVOC5-emissions seem to be 
successful. Emissions are being reduced. But on the other side, reaching the Kyoto target by 
reducing the emission of greenhouse gases – especially CO2 – is much more challenging. The ever 
increasing mobility and transportation, with the mounting use of oil, and the increasing use of 
energy in the households and the service & commercial sector, make up a large share of the 

                                                 
3 CHP = Combined Heat and Power  
  RES = Renewable Energy Source 
4 In which “classical” does not mean that those options are not under development. “Classical” is to be interpreted as 
“generally known as electricity production method, without specifying the advanced features.” 
5 NMVOC = Non Methane Volatile Organic Components 
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emissions. In industry, the shift of the activities towards less heavy industry has a positive effect on 
the emissions, but it is important to realise that this is not as a result of a good environmental 
policy. On the other hand, the industry does make a substantial effort to reduce the emissions, e.g. 
by the introduction of the use of covenants. 
 
Wind energy and biomass are the most important sources of renewable energy. To promote these 
non-depletable energy sources, most member states use comparable mechanisms: feed-in tariffs, 
guaranteed prices, taxes and obligatory supply. All countries mention the link between the emission 
reduction strategy and the national economic competitiveness. So as not to punish the countries 
with a progressive emission reduction policy, measures on a European scale are of major 
importance. A good example is the EU-ETS6. 
 
Although all member states take measures to reduce the CO2-emissions, most countries realise that 
national measures are not sufficient to reach the Kyoto target. Consequently, they count on the 
flexible mechanisms to reach their goal: Clean Development Mechanisms (with development 
countries), Joint Implementation (between industrialised countries) and international emission 
trade. The awareness of the fact that extra flexible mechanisms are necessary to reduce the 
emissions is a good starting point. However, one may not forget that in the end, someone has to 
make the real physical effort (which is not entirely guaranteed, given the e.g. over-allocation of the 
Russian Federation with GHG allowances). 
 

2.2.5. Liberalisation 
 
All member states are gradually opening up their energy market at a pace which differs from 
country to country. Mostly large users and industrial clients profit from the liberalisation process. 
Small, residential users do not seem to make a lot use of it. 
 
Although the energy markets are (or become) liberalised, long term contracts remain responsible 
for a large part of the energy deals. The market is free, but the major clients search for stable trade 
mechanisms. The power exchanges, which deal with the short term markets and the balancing 
activities, deal with a smaller share of the power flows. To increase this share, many member states 
stress the importance of liquidity. However, at some markets (e.g. Nordic market with NordPool 
exchange), the exchange has quite a high share of the electricity trade. 
 
The role of the regulator is comparable in most countries: supervision of the liberalisation process, 
approval of network charges, supervision of the market, etc. In some countries, the decision power 
of the regulators is restricted; they only have a control function and an advisory role. Although 
privatisation has mostly been carried out, in some member states, the state (especially in the Eastern 
European countries) tries to keep a strategic share in the energy sector (e.g. Czech Republic, 
Estonia, Latvia, Slovakia and Slovenia). 
 
Due to the historic evolution of the energy markets, dominant players are still present on many 
national markets. There is no evidence that dominant players abuse their position, but they put a 
barrier to potential newcomers on the energy market. 

                                                 
6 ETS = Emission Trading Scheme 



 
EUSUSTEL – Final Technical Report 

16

 
Recently, a consolidation trend can be seen on the national level. Different small players merge 
again and there is a vertical re-integration. More and more, competition takes place on the 
international level. Large, dominant national players compete on a European scale. A remarkable 
trend is that some incumbent EU-15 players enter at the national markets of the EU-newcomers. 
 

2.2.6. Policy 
 
When analysing all national energy policies, the same concerns come forward all the time. The 
first, and major concern, is security of supply – both in the sense of reaching a high reliability and 
safety standard, and of import dependency. The geographical position of the Central Eastern 
European countries can play a strategic role in the future import policy (i.e. for natural gas). 
 
A second major concern is the economic competitiveness of the electricity and energy provision. It 
goes hand in hand with the environmental policy, which has to present cost efficient measures, so 
national productivity is not harmed. A clear regulatory framework and good communication 
between the several authorities is necessary to ensure a high level of security of investment. These 
are necessary base conditions to stimulate potential industrial investors. 
 
Another important issue is the social involvement and the social side of the energy policy. A good 
price policy is of major importance. Prices have to reflect costs. This was certainly not the case in 
the formal centrally-planned states, where cross-subsidies and artificial low prices (in favour of the 
people) were normal practice. Now, those transition economies make their price policy cost-based. 
Very often this goes together with price surges, but in any case, it makes people aware of the costs 
of the energy they use. Taxes have a very large influence on the final energy prices as they can 
make prices artificially high. Between industrial and residential users, there exist large price 
differences. To conclude this paragraph on price policy, it is worthwhile mentioning that a good 
price policy can indirectly have a positive effect on the introduction of RES-technologies. 
 
A last important policy concern is the energy efficiency. All member states are taking measures to 
unbundle the GDP-growth and the energy use. A lot of member states mention the importance of 
indicators for the evaluation of their policy. 
 
It is worth mentioning that two electricity production options are rather controversial in the EU, i.e. 
nuclear and coal-fired power plants. Camps, both in favour and against, exist among the member 
states. For the nuclear-based electricity production, some countries opt for a phase-out, because of 
alleged safety and environmental concerns (e.g. Belgium, Germany and Sweden), while others 
choose for new capacity and further R&D in the interest of fuel diversification and security of 
supply (e.g. France and Finland). A similar discussion is held for coal-fired plants, although this 
debate is less controversial. 
 
As a last remark, it follows from the analysis of the country reports and national policies, that the 
governments focus very much on the industry. For potential energy savings and efficiency 
measures, the households, the service & commercial sector and the transportation sector are rarely 
looked at. 
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2.3. Conclusion 
 
Without going too much into details, the country reports give a good overview and a critical 
analysis of the energy and electricity provision of all 25 EU member states. Although all country 
reviews are written according to a provided template, national influences can be found in it. The 
reports reflect the European Union as it is: a mosaic of 25 countries, with their own culture and 
heritage, but within a global framework. 
 
Nevertheless, it is not impossible to draw some general conclusion. All countries are faced with 
comparable challenges concerning energy, electricity and environment, and very often, comparable 
policies exist – within the national context – to cope with them. 
 
Although the reports are not focused on a small time window, it is important to realise that they 
only give a snapshot of the current situation of the member states: market situation can change 
rapidly and policies can swing with elections, etc. This makes that the described results can not be 
extrapolated as such. 
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3. Anticipation of the future electricity demand 
 

3.1. Introduction 
 
The demand for electricity is not easy to predict. Electricity demand is closely related to the 
demand of energy services and to the efficiencies and costs of end-use technologies. The economic 
growth and the share of the different sectors (e.g. services vs. industry) influence the demand for 
energy and electricity as well. The fuel prices are another important factor. They have a non-
negligible impact on both economic growth and the demand for energy services, but they are very 
uncertain to predict. 
 
So it is clear that anticipation of the future energy and electricity demand is not a simple question to 
be answered and that a careful analysis is needed to analyse this problem. This chapter tackles some 
problems which need to be taken into account, and describes some pathways to analyse and 
influence the future energy demand7.  
 

3.1.1. Existing-scenario comparison 
 
Simulation models are a helpful tool to analyse the future energy and electricity demand. By 
making use of those models, different scenarios can be analysed. It is important to realise that the 
scenario’s results are not a prediction of the future, but that they are only the result of a logical 
interpretation of the scenario’s input, i.e. a combination of hypotheses and boundary conditions of 
future evolutions. In this section, 4 different existing scenarios will be compared8. The aim of this 
comparison is to sharpen the reader’s criticism towards scenario interpretations and not to focus on 
the scenario’s results. This critical view will be helpful while interpreting the scenarios, carried out 
in the framework of the EUSUSTEL-project9. Those scenarios make use of their own hypotheses 
and boundary conditions on demography, fuel prices, GDP, etc. 
 
The first scenario is the EU-DG TREN European energy and transport trends to 2030 (PRIMES) of 
2003. In the baseline scenario, the energy prices are based on the – at that time – existing trends 
(i.e. a price of 27.9 $/bbl in 2030 was assumed). This is a moderate development without supply 
constraints for the oil prices, and gas prices which follows the oil prices approximately. Coal prices 
are expected to remain stable on the long term. The EU-25 population is projected to remain stable, 
but as the household size is decreasing, the number of households is increasing anyway. Besides 
that, the population is aging too. The GDP is increasing according to the tempo of the EU-15. 
Although the GDP of the new member states is increasing more rapidly, their influence on the 
overall GDP is rather modest. The share of service sector in the total economic activity is 
continuously increasing. 
 

                                                 
7 This chapter on the prediction of the future energy demand is based on the analysis made in WP2 of the EUSUSTEL-
project. More details and figures can be found in the full WP2-report, available at www.eusustel.be. 
8 4 different scenarios, of which the results were available at the beginning of the project, i.e. January 2005, have been 
chosen. So, more recent scenarios do exist by now, but were not available at the time the analysis was made. 
9 In WP5 of the EUSUSTEL-project, 4 different scenarios are carried out with the PRIMES and TIMES model. 
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The second scenario is the IEA World Energy Outlook 2004 (WEO). The used energy prices are 
modest end-use prices, which are dependent on the wholesale markets. It is important to notice that 
the prices are no forecast of the energy prices, but that they only reflect the prices that will be 
needed to encourage the investments in supply. Oil prices are expected to increase moderately on 
the long term, and gas prices are in line with oil. Coal prices are characterised by a slow increase. 
Demographic parameters remain broadly unchanged. An overall GDP-growth is expected of 
approximately 2%. As a result of the economic and monetary integration, there is a macro-
economic convergence between the different EU-25 countries. 
 
The US-DoE/Energy Information Agency, International Energy Outlook (DoE) of 2005, provides 
an objective, policy-neutral reference case, based on effective laws: “What might happen, given the 
specific assumptions and methodologies used?” Energy prices are divided in a low and high (i.e. 
rather modest high) case, and the population knows both periods of small increases and decreases. 
The GDP-growth is seen as the basis of the regional energy demand. In the Western part of the EU, 
it is expected to grow ±2% per year, while in the Eastern part, a growth rate of ±4% is projected. 
The energy demand lags behind the economic growth. Since World War II, the Eastern European 
economies have had higher levels of energy intensity than either the mature market or emerging 
economies. Over the forecast horizon (i.e. 2025), energy intensity in the EE region is expected to 
continue to decline, but still remain higher than in any other region of the world. 
 
The “White and Green” Scenarios of 2005 make a forecast of the demand for energy services. 
Assumptions are based on drivers like population, GDP, number of households, etc. More details of 
this scenario can be found in section 3.2.3 on the bottom-up analysis 
 

3.1.2. Basic assumptions 
 
With the abovementioned scenarios, some general trends can be seen. The most reliable predictions 
can be made on the demography. All models project a rather stable population of 455 to 460 
million people in the EU-25. A small increase is expected to 2015, which is followed by a small 
decrease from 2015 to 2030. Although the overall population in the EU can be projected quite 
easily, this is not the case for the internal population evolution, as this depends on migration 
patterns within the borders of the EU. Another important factor is the age distribution. As the 
population is aging, this will both influence the demand for energy services and the GDP evolution. 
However, till now, the effects of the aging population has not been analysed carefully. Another 
important factor is the number of households, which has a large influence on the demand for energy 
services in the domestic sector (even more than the absolute population number itself). 
 
All models project a positive, but limited GDP-growth of ± 2% per year for the EU-25. This 
percentage is higher for the new member states, as they know a “recovery” for the set-back of the 
last 15 years, but for the overall growth rate, the weight of the EU-15 member states is 
predominant. As the population is rather stable, GDP tendency can both be expressed in total GDP 
and in GDP per capita. 
 
Energy prices are the most difficult and controversial parameter to predict. In the existing scenarios 
from WP2, as discussed above, the assumptions are made before the oil shock of 2004-2005. At 
that time, modest fuel price evolutions were expected in the baseline scenarios, and high prices in 
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extra scenarios. However, the “modest” and “high” prices of the old times are in recent scenarios 
referred to as respectively “(very) low” and “modest” energy prices. As there is no agreement on 
the relative weights of the possible reasons for the increase of the oil prices, projections are very 
hard to make. The question is whether there is a “stop-value” for the price of oil, and if so, whereon 
is it dependent: non-OPEC supply, non-conventional oil, other energy sources, etc.? 
 
Very often, in supply contracts the gas price is linked to the oil price, due to the historical direct 
competition between gas, coal and oil for the power production. Although oil is phasing-out from 
the electricity production market, and gas and oil prices could be decoupled, a renewed link arises. 
Since the oil prices increases more and more, there may be a tendency to shift gas and coal into a 
liquid fuel, which renews the competition between oil and gas. 
 
Energy prices have a large influence on the GDP, but no quantitative relationship is specified. 
Compared to the past, world economy seems to be more and more resilient to energy prices, 
possibly thanks to a substitution possibility. Although the relationship is not specified, it seems 
logical to link high GDP-growth scenarios with low energy price scenarios. 
 

3.2. Demand for energy and energy services 
 

3.2.1. Macro vs. micro analysis 
 
There are different ways to “predict” the future energy demand. The simplest one is to extrapolate 
trends from the past to the future. This method is most commonly used, but it is not appropriate for 
long term projections, as boundary conditions change with a non-linear behaviour. However, this 
method gives good results for short term predictions. 
 
A second method to evaluate the energy demand in a rather aggregated form is a top-down analysis, 
in which macro-economic models are used. In these models, exogenous data (e.g. economic growth 
of (a group of) countries, international fuel prices, etc.) from e.g. global economy models is 
considered as input. Based on correlations between energy and GDP, the energy demand can be 
projected. This can be done on a level of the different sectors, but not on a more detailed level. The 
used correlations bring into account the energy intensity, the shift towards less energy intensive 
industries (e.g. good and services) and more efficient technologies, etc. A detailed analysis of the 
European energy demand can be found in section 3.2.2. 
 
A third strategy is the bottom-up analysis, which makes use of micro-economic models. Here, the 
starting point is a detailed analysis of the demand for energy services, based on the evolutions of 
the population, the GDP, the number of households, etc. In a next step, this demand for energy 
services can be translated in a demand for energy. For this purpose, the costs, the efficiencies, etc. 
of the different available end-use technologies have to be known. In a last step, the models (e.g. 
PRIMES and TIMES) run through an economic optimisation towards the fulfilment of the demand 
for energy services, for which they assume a perfect market. A drawback from this methodology is 
that no personal consumers’ behaviour is taken into account. A detailed analysis of the European 
demand for energy services can be found in section 3.2.3. 
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3.2.2. Top-down prediction 
 
The main link between the energy prices and the demand for energy is through the GDP. Higher 
energy prices result in a lower GDP, which results in turn in a lower demand. However, due to a 
saturation effect, the demand for energy has a somewhat slower growth rate than the GDP. Even 
more, thanks to efficiency improvements, a further reduction of the energy demand occurs, which 
results in a progressive decline of the energy intensity of the GDP. All top-down models assume 
energy intensity which decreases with time. The projected figures for the declining primary energy 
intensity vary between 1 and 2% per year. Although the energy intensity decreases, this does not 
compensate completely the increase in GDP. As a result, the absolute primary energy demand is 
rising, but less than the overall economy growth rate. 
 
The same trend as for the primary energy demand can be seen for the electricity demand. But the 
electricity intensity decreases less than the energy intensity, due to an expected increase of the 
electricity penetration. The share of final demand that is covered by electricity grows continuously, 
up to 25% in 203010. Besides that, the ongoing shift towards more sophisticated energy services 
involves rather electricity than fuel and higher efficiencies can more easily be obtained by 
electricity-based appliances. Based on a top-down analysis, the electricity demand is expected to 
increase by 1.5% per year before 2020 and by approximately 1% per year in the period 2020 to 
2030. 
 
Once a forecast is made of the energy and electricity demand, the requirements for the installed 
power can be defined, by taken into account the peak power demand and the reserve margin. The 
peak ratio is defined as the number of hours in a year, divided by the proportion of the total power 
production of a year and the peak power of that year11. As this ratio decreases, there is more spare 
capacity, which enlarges the power margin. Less installed power is needed and the system can be 
used more effectively, which results in lower costs. 
 

3.2.3. Bottom-up prediction 
 
People are interested in energy services like heating, cooling, cooking, lightning, etc. Although 
these services are obtained by spending energy, the consumer is not interested in energy as such. 
This is why the bottom-up strategy firstly analyses the demand for energy services to project the 
demand for electricity and energy. By amongst others making use of demographic (population, 
number of households, etc.) and economic (GDP) indicators, the demand for energy services can be 
determined. 
 
The total demand for energy or electricity is a combination of the demand for energy services, the 
average efficiency of the stock or appliances supplying each service and the behaviour of the final 

                                                 
10 There is a substantial difference between several simulation codes for the projected electricity penetration growth 
rates. WP2 prefers to choose for the rather high numbers as the existing trends indicate an increasing electricity 
consumption. 

11 
8760

year

year

peak ratio
GWh

GWpeak

= ; today, in the EU-25, this ratio is approximately 1.65.  
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user (e.g. waste-oriented or not). All three factors can be influenced to change the total energy 
demand. 
 
The price elasticity is an important parameter both in the bottom-up and top-down analysis. The 
elasticity of demand to international prices is lower than expected. This is both because of the fact 
that only a part of the price changes reaches the final consumer (due to damping by fiscal charges) 
and that the demand for many services is rigid, as users consider them essential. 
 
Based on a forecast of the drivers, with the model WEU MARKAL, a forecast of the future energy 
services demand in the EU-25 has been made, with a scope of 2030. In the commercial sector, the 
amount of office equipment knows a very steep increase (± 4% per year). The demand for energy 
services in some industrial branches is continuously increasing as well. In the chemical, the pulp 
and paper, the non-ferrous metal and the non-metal branch, an annual increase of ± 2% is projected. 
In the residential sector, the demand for electronic devices steeply increases with ± 3.5% per year. 
In the transport sector the role of truck transport and mainly aviation is growing with rates of ± 
1.5% and ± 2% per year respectively. 
 
As a part of the bottom-up analysis, a projection of the available end-use technologies (in 
combination with their cost and efficiency) has to be made. On the short and medium term (i.e. less 
than 10 year from now) good estimations of the available technologies can be made, based on what 
is available on the market and under development today. However, on the longer term an “educated 
guess” on the new technologies and their efficiencies has to be made. But as this is a combination 
of over- and underestimations, the overall trend is acceptable. 
 

3.2.4. Qualitative trends in energy demand and energy efficiency 
 
In the considered period from 1990 to 2002, the final energy consumption in the EU-15 region 
increased by 18% and the electricity consumption increased by 24%. Energy efficiency improved 
with 9.6%. 
 
In the households, space heating is still the dominant energy consumer, but a steep increase of the 
electricity consumption is going on (+ 23% from 1990 till 2002). The share for small electric 
appliances plays an important role in this. Factors like income, energy price and the effectiveness of 
building codes and standards affect the consumption trends. 
 
The significant growth of the service sector results in a growth of the absolute amount of energy 
and electricity consumption. However, thanks to the positive role of the building codes and the 
ongoing trend of decoupling the energy consumption and the added value (although not in all 
member states at the same pace), the energy intensity and energy consumption per m² is decreasing. 
The main decrease in the emission is caused by fuel switching. 
 
The European industrial sector has shown a superior performance in the energy intensity reduction. 
This is mainly due to the combination of 3 effects. First of all, an increase in energy efficiency, next 
fuel switching and a last factor are the structural changes. The trend in the industry to move to less 
energy intensive products has a very positive effect on the energy intensity. So, although the 
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industrial sector is growing, in absolute terms, its total energy consumption remains approximately 
stable due to the 3 abovementioned effects. 
 
The consumption and emission trends are more negatively in the transport sector. Every year, the 
sector is consuming more energy and emitting more CO2. The road transport of goods in trucks and 
the air transport know both a steep increase. 
 

3.3. Energy efficiency: policy instruments 
 
As mentioned above, the total demand for energy and electricity is a combination of the sum of the 
demands for the separate energy services, the consumer behaviour and the average technology 
efficiency. As the first factor is ever increasing – because of the higher comfort demand and the 
increasing number of end-use appliances – the total demand can be affected by changing the 
consumer’s behaviour and the technology’s efficiencies. The European Commission states in its 
papers that the energy consumption can be reduced with 20%, by increasing the energy efficiency. 
So far, in the EU, the full potential has rarely been realised, although there is a substantial 
additional benefit to be obtained. In its Directives, the European Commission focuses on the energy 
end-use efficiency and the energy performance in buildings. The Commission defines binding 
targets for the member states. It used to enforce those targets, but more and more it makes use of 
indicative measures. 
 
A lot of different measures can be taken, based on different strategies. Measures can be voluntary 
or compulsory, focus on GHG emissions or on energy use, work with incentives or with penalties, 
deal with the supply side or the demand side, etc. Many possible classification systems and 
schemes of measures exist, but one thing do they mostly have in common, i.e. the difficulty to 
interpret the impact of the chosen measure. To tackle this problem, it is important to have good 
physical indicators of the energy efficiency. 
 
A possible strategy is to improve the average efficiency of the stock of appliances by trying to 
influence the existing efficiency curves (e.g. best vs. worst on the market, best in laboratory, etc.). 
This can be implemented by e.g. the introduction of standards, promotion to speed-up the turn-over 
of low efficiency appliances in more efficient ones, by a sensibilisation campaign in which the 
appliances have an energy label or by taxation depending on the efficiency level. 
 
Other policies and measures intend to directly steer the absolute level of energy use and emissions. 
Here as well, plenty of strategies exist, which can be grouped in 4 categories.  

• Financial: subsidies, grants, taxes, etc. 
• Legal/regulatory: penalties if non-compliance 
• Organisational: e.g. negotiated & voluntary agreements 
• Certificates & marketable permits: e.g. emission trading scheme 

 
A common criticism on the applied measures is the lack of economic efficiency. Although the 
market is not perfect, one has to strive for market-based systems. Since the introduction of the 
liberalisation, the supply side efficiency has improved. However, as the liberalisation gives only 
few new incentives to the demand side, the demand side efficiency has not improved significantly. 
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A detailed overview of the recent history of energy efficiency policies in all the European member 
states can be found in the full report of WP2. It is worthwhile mentioning that there is a significant 
potential for improvement in the new acceded countries, although, a substantial portion of it is due 
to structural and economic features. 
 
Demand Side Management (DSM) is a broad expression for a variety of measures to manage the 
energy demand. It embraces both load reduction, which is related to energy efficiency, and load 
shifting, which is related to the system efficiency. Demand response is an element of DSM as it 
includes market-based measures to influence the timing and the scale of the electricity demand. 
Although it is difficult to have good incentives to persuade the smaller customers to adapt their 
profile of energy use, the exposition to the market prices (including all externalities) could give 
already a good incentive. 
 
DSM frameworks can only be successful if the actors will benefit from implementing the DSM 
measures. The one who does not suffer a financial loss – due to the implementation of a 
framework – is a proper actor to participate in it. There exist two types of DSM frameworks. The 
first one is an artificial one, in which the actor has no primary incentive to save energy. So, this 
actor needs financial compensation. The best known example of an artificial framework is 
Integrated Resource Planning (IRP). The basic idea of IRP is that utilities have to provide energy 
services and fulfil the projected demand at the lowest cost possible. Although IRP is a good 
theoretical framework it has known a lot of practical applications problem (e.g. how to bring into 
account free riders and the rebound effect). Besides that, IRP is very often criticised to maximise 
the utility’s profit, instead of minimising the societal costs. 
 
In a commercial environment, IRP is even more difficult to implement, as the supply side has no 
natural incentive at all to implement energy saving measures. The result of the IRP process is a 
decreased electricity consumption, which can be directly translated in a reduced profit. In a 
liberalised market, it is not feasible to request for an IRP framework from the generation side. On 
the transmission and distribution side however, there are some possibilities for an obliged IRP 
process, as these two branches will remain a monopoly. But, as it is not clear which consumer is 
responsible for which part of the load flow, it is not clear to whom the DSM action should be 
addressed. And as IRP requires a long term planning, it is difficult to implement it at the retail side, 
as customers can switch from provider at any time. There are some other artificial frameworks (e.g. 
the provision of energy services by utilities or mandated energy efficiency goals), but all of them 
have drawbacks too. 
 
The second type of a DSM framework is a natural one. By giving the responsibility to an entity 
that will not have financial losses if the consumption is reduced, the actor can be turned from a 
“loser” into a “winner”. A first example of a natural DSM framework is Energy Performance 
Contracting (EPC). In this case, Energy Service Companies (ESCO’s) install energy efficient 
devices at their customers, and are paid for it by the savings they realise. The profit is divided 
between the ESCO and the consumer. The ESCO can survive on its own, as energy efficiency 
becomes a market product, which can result in profit. This option is different from outsourcing, in 
which the ESCO is paid for supplying energy services for a fixed price. In this system, there are 
fewer incentives to save energy. Another option for a natural framework is a public benefit charge. 
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Here, a levy on the kWh-tariff is used for DSM activities by a governmental or independent 
organisation (but not by a utility). 
 
From a societal perspective, IRP seems the most appropriate DSM framework. However, the 
current situation (i.e. liberalised market) makes it very hard to implement the IRP process in the 
EU. When looking to alternatives, it is important to give the responsibility to actors who do have a 
primary incentive to reduce electricity consumption, otherwise, the framework will not persist. 
 
A last topic to be treated is the bottom-up prediction of the efforts of the efficiency policies. Both 
the Electric Power Research Institute (EPRI) and the Rocky Mountains Institute (RMI) have made 
an estimation of the saving potential of electricity consumption. They came up with a saving 
potential (against a reasonable cost) of 30% and 70% respectively. Although both results differ a 
lot, and as they are based on different assumptions, they focus on the same categories: drive power, 
lighting and (food and space) cooling. Common criticism on both estimations is cost-related, as free 
riders, opportunity costs, discount rates (which need to bring into account the future uncertainty 
factors), etc. are not properly taken into account. Closely related to this debate, is the debate 
between the “engineering economics” and the “economic paradigm”. The first group considers 
market barriers as a threshold for many evolutions to be introduced in the market. The second 
group however considers market barriers as a consequence of the real economic markets, but points 
market failures as the real sources of economic inefficiency. Market failures occur if costs and 
benefits are not carried by the person who decides on it. 
 
At the end of this energy saving debate, it is important to mention that much of this debate is held 
in the US, and this is not simply transferable to the EU. The energy intensity of the GDP is lower in 
the EU than in the US and the average efficiency of the equipment and the industrial processes is 
higher in the EU than in the US. 
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4. Electricity generation technologies and system integration 
 

4.1. Introduction 
 
This chapter concentrates on the supply side. The most important technologies for electricity 
generation (and storage) are treated, ranging from well-established ones all the way up to 
unconventional and even speculative conversion technologies. Each of these technologies has been 
scrutinised, especially with its potential for further development in the future. In addition, the 
integration of decentralised generation into the overall electricity generation system is treated, both 
from an energetic-technical and environmental point of view. The summary, given below is based 
on the work done in Work Package 3 (WP3)12. 
 

4.1.1. Data comparison 
 
In order to come up with a consistent set of data, a data comparison has been performed. The main 
purpose of the review was to determine a consistent data set for further activities, such as 
computation of electricity generating costs. It is quite essential though that the proposed data, 
derived from the reviewed sources, are defined in a systematic way based upon traceable standards, 
in order to avoid any bias in cost calculation. Technological and economic data (and their future 
projections) from different sources have been compared. This comparison is very useful to show 
the reader the existing uncertainties on the data and cost figures of the different technologies. It is 
important to realise that uncertainties exist, and so, one has to be very careful and critical when 
using figures and numbers and to know where they come from. In every chapter, which describes a 
different technology, a separate paragraph is added with the data comparison. This has been done 
for the fossil-fired technologies (gas, coal, coal + CCS13), nuclear, cogeneration and some 
renewable technologies (i.e. wind, photovoltaic and hydro). 
 
Mainly, six data sources have been used in the comparison, i.e.: 
 

- the WP3 data set for 31 technologies, 
- the TIMES data set for 61 technologies,  
- the PRIMES data set for 61 technologies and at least partially a sub-set for 4 technologies 

under review, 
- the data set for 6 technologies of the EURELECTRIC Study “Role of Electricity – Supply 

Block” (VGB input), 
- the data set for 9 technologies applied in the ZEP Technology Platform with amendments 

(VGB input), 
- the data set of the NEA/IEA/OECD study “Projected Costs of Generating Electricity”. 

 
The review is, as much as possible, based on the original data entries of the six sources without any 
additional computation as shown in the summary tables below. As a rule, the cost figures are 
expressed in values of 2005. We have not attempted to recalculate TIMES cost entries originally 

                                                 
12 All full reports (including technological and emission data) on the different technologies can be found on the project 
website www.eusustel.be. The full report on the data comparison can be found on the website as well. 
13 CCS: CO2 Capture and Storage 
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shown in 2003 prices for inflation between 2003 and 2005, assuming that the inflationary impact is 
negligible compared to the uncertainty in cost estimates. We have also not rearranged values for the 
different reference years of the PRIMES data entries which are for 2025 instead of 2030. 
 
In order to be able to compare investment cost figures we have assumed equal interest rates of 8.5% 
during the construction period. Where interest rates were different in the original sources we have 
therefore recalculated the overnight construction cost and then added the interest payments of 8.5% 
during an assumed expense schedule. 
 
The reviewed technology characterisations of the different sources do not always refer to identical 
plant sizes. The difference in capacity may have implications for the investment cost per unit; this 
has to be kept in mind when comparing smaller and larger units of the same technology. 
 

4.1.1.1. Cost estimation methodology 
 
One essential element for technology evaluation is the methodology for cost estimation. A 
methodology which is widely adopted, e.g. among others by OECD, is to define the specific 
overnight investment costs (OIC), expressed in €/kW and the expense schedule for the construction 
period. The overnight construction cost is defined as the total of all costs incurred for building the 
plant, including owner’s own cost contribution (like fees, tax payments, engineering consultants 
etc.), accounted for as if they were spent immediately. Interest cost during construction is expressed 
in terms of a percentage of OIC. Capital cost is a part of the levelised generation cost, which is the 
basis for cost comparisons and assessments.  
 
Total investment cost includes OIC and interest cost during construction. Interest during 
construction has to be paid for by the investor as it is not part of the direct cost of constructing a 
plant. Interest during construction is related to an expense schedule, a construction period and an 
interest rate. 
 
The levelised generation cost calculations take into account not only the expenses during 
construction but also, if applicable, refurbishment and demolition costs. The levelised lifetime cost 
per kWh of electricity generated is the ratio of total lifetime expenses versus total expected outputs, 
expressed in terms of present value equivalent. This cost is equivalent to the average price that 
would have to be paid by consumers to repay exactly the investor/operator for the capital, operation 
and maintenance and fuel expenses, with a rate of return equal to the discount rate.  The date 
selected as base year for discounting does not affect the cost ranking of the technologies. 
 
Generally, levelised cost estimation is based upon constant money value, which in WP3 is € of 
2005. This means that normal inflation is excluded from the computations. However escalation of 
fuel prices and increased O&M costs, e.g. due to higher staff costs, are considered. Likewise, 
technology advancements are assessed in the estimates, as they may contribute to future reductions 
in investment cost (as well as in plant efficiencies). 
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4.1.1.2. O&M cost 
 
Operating and maintenance costs contribute a small but nevertheless important fraction to the total 
cost. Fixed O&M cost, expressed in [€/kW]/a, include cost of the operational staff, insurances, 
taxes etc; variable O&M cost expressed in [€/MWh], include cost for maintenance, contracted 
personnel, consumed material and cost for the disposal of operational waste other than nuclear 
waste. Neither fuel cost, nor capital cost, are part of the O&M cost in the context of this review. 
 

4.1.1.3. Nuclear fuel cost 
 
For nuclear power plants any cost figures normally include spent fuel management, plant 
decommissioning and final waste disposal. These costs, while usually external for other 
technologies, are internal for nuclear power. They are accounted for in the fuel cycle cost or 
respectively in the cost for reactor demolition and Greenfield restoration. 
 

4.1.1.4. Emission data 
 
The specific emissions reported in TIMES are the direct effluents from the power plant’s stack. 
Emissions from construction, i.e. from the process chains of the materials used, and emissions from 
dismantling of the plants are not incorporated in the data listings. 
 

4.1.1.5. Data 
 
All data can be found in the Annex “Reviewed Technology Characterisation” at the end of this 
chapter. 
 

4.2. Coal-fired technologies 
 

4.2.1. Intro 
 
Coal-fired technologies are very common and widespread worldwide, both in development 
countries and in industrialised countries. In the year 2000, 23% of the worldwide primary energy 
need and 38% of the worldwide electricity demand (32% in the EU-25) are fulfilled by coal. 
 
Coal is used both for its long term availability as well as for its price competitiveness. Although 
prices are under pressure because of the higher consumption in China and the increased freight 
costs, prices remain fairly constant and low. Fuel costs represent approximately 40% of the total 
electricity production cost. While in gas-fired technologies, this share can amount to 80%. 
 
Besides making use of hard coal, the coal technologies can also be adapted for making use of 
lignite. As lignite is widely available in Europe, lignite technology will be discussed in this chapter 
as well. 
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4.2.2. Description of current technologies 
 

4.2.2.1. Subcritical Pulverised Coal Combustion 
 
The Pulverised Coal Combustion (PCC) technology is used worldwide. Coal is crushed and milled 
to powder, which is fed to a burner. The heat is used for the formation of steam; steam/water which 
is the working fluid in the power generating Rankine cycle. Most power plants make use of an 
advanced Rankine cycle (e.g. superheating, air heating, 2-stage expansion…), but the basic 
principle remains the same. Contrary to the discussion of section 4.2.2.2, no supercritical or ultra 
supercritical conditions are reached. 
 
As this technology is very well known, it has an excellent availability and it can be applied for a 
wide range of internationally traded type of coals. For the older, small units, the efficiency can be 
as low as 30%. More commonly, for the larger plants which make use of high qualitative coals, the 
efficiency amounts to 35 to 36% and new plants can reach efficiencies of 41%, which makes them 
appropriate for operation in base load. The type of cooling is of importance for the overall 
efficiency, as e.g. direct sea water cooling can enhance the efficiency with 1 to 2% compared with 
making use of a cooling tower. The partial load characteristics of the PCC power plants are not that 
good, especially when compared with the supercritical power plants (see next section). 
 
PCC technology can be adapted for lignite as well, although this will result in a somewhat lower 
efficiency, mainly because of the lower heating value of lignite. 
 

4.2.2.2. Advanced (Supercritical) Pulverised Coal Combustion 
 
The Advanced Pulverised Coal Combustion (APCC) technology is, as the name already suggests, 
based on the PCC technology as described above. The main differences are the other steam 
conditions. Here supercritical pressure (above 221 bar) and temperatures are reached. This results 
in an overall higher efficiency of 45 to 47% nowadays. Higher efficiencies go together with lower 
emissions. 
 
The availability of APCC power plants can reach 85 to 90% and they have a very good flexibility 
towards load changes (even better than the IGCC technology, which will be discussed in the section 
below). If lignite is used as a fuel, an efficiency of 45% can be reached. 
 
Those advantageous properties make APCC-power plants the norm for new investments. Although 
the capital costs are higher, compared to the conventional subcritical PCC plant, the APCC plant 
has a much lower cost per unit coal used through its higher efficiency and availability. 
 

4.2.2.3. Integrated Gasification Combined Cycle 
 
The Integrated Gasification Combined Cycle (IGCC) is the combination of a coal gasification unit 
and a gas fired combined cycle unit. It is described as “one of the most efficient and cleanest 
technologies for coal-based power generation, with emission to air comparable to those of natural 
gas based power production in a gas and steam plant.” In this technology, coal is gasified (i.e., the 
formation of syngas), after which it is fed as a gaseous fuel to a gas turbine. After expansion over 
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the gas turbine, the flue gases are lead to a heat recovery boiler where they are the heat source for 
the formation of steam; steam, which is fed to a steam turbine (i.e. a combined cycle). 
 
With recent technology, already now, efficiencies of almost 50% are possible, which results in less 
fuel use and less emissions. The IGCC plant has a high flexibility towards its feedstock (e.g. hard 
coal, lignite, biomass, waste, etc.) and it has a good potential towards CO2-capture (i.e. in 
combination with a low efficiency penalisation). 
 
Although all major components of the IGCC technology are well known, the integration remains 
rather difficult (approximately 160 plants, which make use of IGCC technology, are worldwide 
operational by now). Complex equipment has to be used, which results in a low availability and 
non-flexible operation. So, this technology is very promising, but it has not made a commercial 
breakthrough by now, as it capital costs are high. 
 

4.2.3. Future technologies 
 
Before going into detail on the future ameliorations and evolutions of the different technologies, a 
general remark can be made concerning the role of the research on new materials. New materials 
will play a crucial role in the further development of new coal-fired technologies. One of the most 
important parameters is the temperature resistance. As higher steam temperatures lead to higher 
efficiency, materials are needed which can resist to temperatures above 700°C. Another important 
factor is the corrosion resistance. Ameliorated material parameters will lead to a better durability 
and so to a higher power plant availability. Nickel-based alloys look very promising and are 
expected to be commercially available in the next decade. 
 

4.2.3.1. Subcritical or moderately Supercritical Pulverised Coal Combustion 
 
As the PCC-technology does already exist for a long time, a lot of technology changes have been 
experimented with the aim to increase the efficiency and the operation characteristics. Although 
several options are possible, it is necessary to always make a trade-off analysis between the costs, 
the risk element of the decision and the energy gain. Possible improvements are: 
 Enhanced steam parameters (250bar/540°C to 300 bar/600°C) 
 2nd reheating, lower condenser pressure… 
 more load change flexibility 
 lower emissions, better flue gas cleaning, in combination with increased efficiency 
 … 
 
But, as the ultra supercritical PCC technology is much more promising than the improved versions 
of the subcritical – or even supercritical – PCC power plants, less effort is put in these last 
technologies. 
 

4.2.3.2. Advanced Ultra Supercritical Pulverised Coal Combustion 
 
As mentioned in this section’s introduction, the improved material parameters are of major 
importance to improve the APCC technology. Temperatures of 700 to 720 °C should be possible to 
reach efficiencies of 52% in 2015 (and even higher, up to 55% in the years thereafter). In 
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combination with the enhanced steam parameters, a lower condenser pressure (which is however 
related to the temperature of the environment) and a reduction in auxiliary power are beneficial as 
well. 
 
The decrease of emissions will not only be a result of the increased efficiency, but will be a result 
of more advanced burners as well (e.g. LowNox burners). 
 
On the lignite-front, the pre-drying of the lignite (at a low temperature level and with the use of 
vapour energy) could result in a higher efficiency of approximately 4% points and the enhanced 
steam parameters are responsible for another 4% points increase. 
 
Table 4 summarises the projected efficiency increases for PCC power plants. 
 

Technology lever  
Status quo Coal drying 700°C PCC 

  L & HC: 
 > 50% 

 
HC: 46 - 48% 

L: 47 - 49%  

Ef
fic
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nc

y 

L: 43 - 45%   
As from 2002 - 08 As from 2015 As from 2020  

Commercially applicable 

Table 4 Efficiency increases in the further development of coal-based power plant technology  
(HC: Hard Coal; L: Lignite) 

 
4.2.3.3. IGCC 

 
An efficiency increase to 51-53%, or even to 56-60%, is projected for the IGCC technology. Here, 
not only materials are needed with a higher temperature resistance, but as well with a greater 
reliability and corrosion resistance, so as to increase the IGCC’s availability. Research has to be 
done towards a further integration of the separate components, to reduce the capital costs, towards 
an improved technology for syngas gas turbines and towards better membrane technology for the 
separation of the gases (e.g. for the O2 of the Air Separation Unit needed for the regasification 
process). Concerning the emission reduction, the IGCC technology looks very promising for the hot 
gas cleaning-up. This in contrast to the nowadays used flue gas cleaning, which occurs at relatively 
cold temperatures and which is highly penalising for the efficiency.  
 
On the long term prospect, the integration of the IGCC technology and fuel cells looks promising 
towards even higher efficiencies. Although, as fuel cells are still in the R&D phase, no details or 
projections on this are given here. 
 

4.2.4. Environmental issues 
 
The higher CO2-emissions of coal, compared to oil and gas, are a logical consequence of its lower 
hydrogen to carbon ratio. Besides that, during the coal mining process, a lot of methane is released. 
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So, emission reductions for coal-fired power plants, are a major concern. NOx and SOx-emissions 
are already highly reduced, but CO2 remains difficult. Besides the increase of the efficiency – 1% 
point increase in efficiency leads to approximately 2% reduction in CO2-emissions – is another 
option the Carbon Capture Storage (CCS). This will be dealt with in a separate chapter further on. 
 
When only looking at the clean coal technologies, 2 options are possible. First of all, there is a large 
CO2-emission reduction potential in the retrofitting of outdated plants. As the worldwide average 
efficiency of the coal-fired power plants of more than 20 years old, is about 29% (31% in the EU), 
CO2-emissions can be reduced by 20 to 30% by replacing the inefficient technology by available 
technology. Anyhow, retrofitting from subcritical to supercritical seems not to be realistic from a 
cost point of view. The second option is not to retrofit the old plants, but to simply build new ones, 
making use of the best available technology. Anyhow, for both options, cost and efficiency have to 
be taken into account. 
 

4.2.5. Miscellanea 
 

4.2.5.1. Resources 
 
Table 5 gives an overview of the worldwide minable resources. According to BP, worldwide coal 
reserves would be depleted in about 170 years at present production levels. 
 
Minable reserves: 1300 bn 
tce 

Annual consumption: 13 bn 
tce 

Static range (anno 2003) 

coal 63% coal 25% coal 250yrs 
oil 16% oil 40% oil 40 yrs 
gas 14% gas 25% gas 60 yrs 
nuclear 7% nuclear 8% nuclear 70 – 140 yrs (without 

breeding) 
 hydro 2%  

Table 5 Worldwide minable primary energy carrier reserves, worldwide consumption and static 
range by comparison (1 tce = 25 GJ) 

 
4.2.6. Data comparison 

 
4.2.6.1. Coal Condensing Power Plants 

 
for condensing power plants, supercritical steam generation using nickel-based materials will be the 
standard future device with large generating units in the range of 800-1000 MW. Most of the data 
sources compared in this review are in (almost) complete accordance with these unit sizes, as Table 
A - 2 and Table A - 3 indicate. However WP3 estimates a range of 400-1000 MW for hard coal and 
there is no unit size referred to in the PRIMES data base. 
 
The net efficiency reported today is 46% for hard coal and around 1.5% lower for lignite due to the 
fuel’s lower heat content, as shown for the TIMES data sources in accordance with VGB. 
Perspectives for efficiency increases with higher temperatures exist, as is reported in the respective 
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research literature: 50% is possible in the long-run, which is the perception of TIMES and VGB as 
well. But 55% as shown for WP3 hard coal in 2030 require further advancements in material, 
including super-alloys. The PRIMES efficiency quotation of 43% for hard coal and 37.7% for 
lignite devices in 2005 (with improvements to 46% for hard coal devices by 2030) underestimates 
the current state of development.  
 
An availability factor of 85% and a technical lifetime of 35 years, as assumed in TIMES/WP3 for 
lignite and in TIMES for hard coal devices, represent the current assumption for newly built plants 
in Germany. WP3 assumes for hard coal devices a slightly higher availability factor of 91% and a 
lower lifetime of 30 years. However, these last figures do not correspond to the experiences in 
Germany. 
 
Construction cost is extremely sensitive to capacity size, as illustrated in Figure 1 for hard coal 
condensing plants for 2030, although the size dependent estimate is restrained to TIMES data series 
only. The diagram shows at the same time that total investment cost estimates of WP3 and VGB 
ZEP are some 20-30% higher than the TIMES estimates. There is also a slight cost escalation 
tendency over time according to all data sources except PRIMES as illustrated in Figure 2; the 
latter expects a major cost decrease up to 203014. 
 
Lignite power plants of the same unit size generally feature higher investment cost than hard coal 
devices due to the lower energy value and the corresponding larger material throughput for the 
same steam conditions, requiring more voluminous boilers and vessels. This difference is reflected 
by the OIC data series, as shown e.g. in the TIMES sources in 2005 and 2010: the OIC for lignite 
power plants is 1300 €/kW for lignite devices and 820 €/MW for hard coal devices. Although there 
is some but not that large a difference in unit size, the main cost differential is due to the fuel and 
thus the larger physical size of the components. The relative high cost leaves potential for cost 
reduction with higher efficiencies and advanced technology, as shown in Figure 3: 900 €/kW (OIC) 
and 1053 (TIC) €/kW are expected by 2030 according to TIMES/WP3 for lignite devices, a 
reduction by about 30%, and also PRIMES expects a significant cost reduction. The PRIMES 
investment cost figures are generally much higher than WP3 and TIMES estimates, which may 
partly be explained by lower quality coal input than for German conditions, but raises general 
questions concerning the relative positioning of cost of coal technologies (lignite-hard coal, coal 
condensing, IGCC). However, contrasting to WP3/TIMES and PRIMES cost cutting trends, VGB 
estimates expect a 20% cost increase between 2005 and 2030. VGB argues higher efficiencies due 
to higher temperature levels would result in higher material cost. Cost dampening effects due to 
advancement in technology and line production would both be offset by the higher material cost. 
 
Construction times of three years, as shown for TIMES and for WP3 lignite devices correspond to 
present practice in Germany, larger construction times, i.e. 4.5 years as in WP3 hard coal do not 
reflect German conditions. 
 
Specific demolition cost of 30-32.5 €/kW (WP3 and TIMES) and total O&M cost in the range of 
3.8-7.2 €/MWh for hard coal and 5.4-6.1 €/MWh for lignite (WP3, TIMES) are in relative good 

                                                 
14 The WP3 hard coal OIC data, decreasing from 1300 €/kW in 2005 to 820 €/kW in 2010, which could be explained 
by technical advancement, but then increasing again to 1150 €/kW in 2030, raises consistency concerns. 
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accordance and also in a reasonable relation with much of the IGCC data of that type. Alone, the 
O&M cost entry of PRIMES for both, hard coal and lignite, devices fall outside these relations: i.e. 
the entry for 2005 of 19.8 €/MWh for hard coal is three- to fivefold and of 15.2 €/MWh for lignite 
is three- to twofold the TIMES/WP3 entry. 
 
As for emission data, which are listed as TIMES sources only, the general statements made earlier 
with emission data are valid here as well, as they refer generally to the differences between fuels, 
technology advancements over time and the relative positioning of fossil condensing plants. 
 

VGB ZEP

TIMES

WP3 WP3

0

200

400

600

800

1000

1200

1400

0 200 400 600 800 1000 1200

Unit size [MW]

O
ve

rn
ig

ht
 in

ve
st

m
en

t c
os

t [
€/

kW
]

 
Figure 1: Hard Coal Condensing - Overnight Investment Cost vs. Unit Size, 2030 
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Figure 2: Hard Coal Condensing - Total Investment Cost vs. Efficiency, 2005-2030 
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Figure 3: Lignite Condensing - Total Investment Cost vs. Efficiency, 2005-2030 
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4.2.6.2. Integrated Gasification Combined Cycle Power Plants 
 
IGCC is an emerging advanced generating technology for fossil fuels such as hard coal and lignite. 
Its large-scale commercial availability is expected from 2010 onwards. Due to the specifics of the 
gasification and combustion processes, hard coal and lignite IGCC plants offer different efficiency 
and emission profiles that should be reflected in the technology characterizations for WP3.  
 
Table A - 4 and Table A - 5 compare the elements that have been reviewed for hard coal and lignite 
plants for four sources: WP3, TIMES, PRIMES and VGB ZEP. 
 
The electric capacity per unit block with a single gasifier is estimated to not exceed approximately 
450 MW due to the maximum weight and size of the gasification device, which is bound by 
transportation logistics. WP3 and TIMES estimates refer to a single gasifier plant, while VGB’s 
entries of 856 MW for 2005 and 988 MW for 2030 refer to generating plants with more than one 
single gasifier.  
 
IGCC efficiencies in the mid 40% range have been demonstrated in R&D facilities. With recent 
advances in gas turbines, IGCC designs offering efficiencies of close to 50% are already available. 
Higher gas turbine temperature levels and other technical advancements offer perspectives for 
significant efficiency increases of the IGCC technology in the future. The German COORETEC 
Project forecasts an efficiency of 54%-57% from 2010-2020 onwards. Beyond 2025, even an 
efficiency of 62% is expected. TIMES efficiency estimate is 54% for 2030 for hard coal; for lignite 
a 2% lower efficiency figure is reported. The PRIMES efficiency data for hard coal IGCC, 45% for 
2025, is believed to underestimate the potential for technological advancements.  
 
The technical lifetime estimation of 25 years, as assumed in PRIMES, is on the very low side. 
Considering the large experience that already exists with demonstration plants and on the basis of 
further advances in material research, IGCCs are believed to reach the same lifetime as 
conventional coal condensing plants, i.e. 35 years on average. 
 
With reference to the above described cost estimation methodology (see section 4.1.1.1), 
investment cost elements have been made comparable. Construction costs are expressed in terms of 
specific overnight investment cost (OIC) as explained in the general comments on the cost 
calculation methodology. OIC covers all expenses occurring during construction including 
investor’s own cost, taxes, levies etc. but no financing costs. Total investment costs includes 
interest during construction, which is assumed for the review at 8.5% p.a. with an expense schedule 
of 35%, 40% and 25% in three consecutive construction years in WP3 and TIMES. According to 
TIMES sources, OIC for an IGCC plant is 1200 €/kW for 2010 and 1100 €/kW for 2020 as well as 
for 2030 with no difference for lignite and hard coal devices. With the assumed interest rate and 
expense schedule the total investment cost is then 1404 €/kW in 2010 and 1287 €/kW thereafter. 
 
WP3 shows the same OIC and total investment cost data entries for lignite plants, but does not list 
data for hard coal plants at all. In PRIMES, both IGCC lignite and hard coal plant construction cost 
are much higher than in WP3/TIMES: e.g. for 2010 total investment cost is 1722 €/kW in PRIMES 
as opposed to 1404 €/kW in WP3/TIMES for a lignite device, and 1872 €/kW as opposed to 
1404 €/kW for a hard coal device. It is not self explanatory where the large cost differential 
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compared with WP3/TIMES data comes from and why the IGCC technology is so much more 
costly than conventional condensation technology.  
 
Figure 4 and Figure 5 illustrate the reviewed sources’ different estimates for total investment cost 
and efficiency, both for hard coal and lignite devices.  
 
In PRIMES the cost differential between an IGCC and a condensing hard coal power plant is 
approximately 22%, but the level of total investment cost of conventional coal plants is much 
higher than in TIMES: 1345 €/kW (PRIMES hard coal condensing 2030) as opposed to 989 €/kW 
(TIMES hard coal condensing 2030). The reason for this large cost difference may be partly 
attributable to different coal qualities that are used. However, considering the situation in Germany, 
PRIMES investment cost estimates would be too high15. 
 
WP3/TIMES report demolition costs of 50 €/kW, a value which is equivalent to approximately 
0.02 Ct/kWh when related to the total generated electricity over the plant’s lifetime. This value is in 
reasonable relation with the investment and generating cost and also with the somewhat higher 
demolition cost of coal condensing plants (30 €/kW). No PRIMES demolition cost data is listed. 
 
The WP3/TIMES fixed and variable O&M cost for an IGCC are in the order of 10.1-10.2  €/MWh. 
They are considerably higher than for condensing plants (3.8–7.2 €/MWh, depending on year and 
fuel). PRIMES lists comparable data for lignite IGCC (11.2 €/MWh), but shows a complete other 
cost estimate for hard coal IGCC (25.0 €/MWh), which is not self explanatory. 
 
IGCC specific emissions of all types are lower than those of comparable types of condensing 
plants, e.g.  

- for lignite devices in 2010 
o CO2 emissions of 815 g/kWh as opposed to 888 g/kWh, a minus of 8%,  
o CO emissions of 70 mg/kWh as opposed to 160 mg/kWh, a minus of 56%, 
o NOX emissions of 395 mg/kWh as opposed to 638 mg/kWh, a minus of 38%, 

- for hard coal devices in 2010 
o CO2 emissions of 656 g/kWh as opposed to 728 g/kWh, a minus of 10%,  
o CO emissions of 58 mg/kWh as opposed to 137 mg/kWh, a minus of 58%, 
o NOX emissions of 160 mg/kWh as opposed to 549 mg/kWh, a minus of 71%, 

 
Furthermore, emission profiles for hard coal are somewhat lower than for lignite devices and 
emissions are decreasing over time with the advancement of the technology. The relationships and 
assumptions for the emission profiles listed in the table above are plausible both with respect to 
fuels and technologies. 
 

                                                 
15 PRIMES costs do always start from a Greenfield: so all different costs for site preparation are included. 
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Figure 4: Integrated Gasification Hard Coal - Investment Cost vs. Efficiency, 2005-2030 
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Figure 5: Integrated Gasification Lignite - Investment Cost vs. Efficiency, 2005-2030 
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4.2.7. Conclusions 
 
The different coal-fired technology options discussed are promising options for the future 
electricity provision. But, public acceptance will be crucial for success and long term establishment 
of this technology. For this, a more eco-friendly image is essential. CO2-, NOx- and SOx-emissions 
have to be decreased, in combination with an efficiency increase. The latter is combined with a 
reduced energy input demand. 
 
If the coal industry and research can tackle those abovementioned challenges, coal is – as it is the 
most abundantly available fossil fuel – a good option to reduce price risks and import dependency 
in the electricity generation sector. 
 
To conclude this chapter on coal technologies, it is worthwhile mentioning the rebound effect of the 
dash to gas. In recent years, a lot of European countries have focussed on gas technologies towards 
the fulfilment of the CO2-targets. Russia, which is an important provider of natural gas, makes the 
opposite move, i.e. from gas to coal, in order to be able to fulfil the ever increasing demand for 
Russian gas. So in the framework of global CO2-reduction targets, one has to bring this rebound 
effect into account. 
 

4.3. Gas & oil fired technologies 
 

4.3.1. Intro 
 
In recent years, gas fired technologies became very popular for the electricity production. 
Resources are abundantly available and the environmental impacts are rather small, compared with 
the other fossil-based power plants. Recently, gas has suffered (somewhat) from stiff price 
increases; but the de-facto CO2 tax on fuels via the Emission Trading Scheme and the expected 
post-Kyoto GHG reductions tend to favour gas over coal. These are some reasons why a lot of 
countries focus on gas fired technologies for future electricity production, besides the use of 
renewables and taking into account the nuclear phase-out in some countries.  
 
Oil fired power plants are not that common any more, and for the most part, electricity producers 
no longer invest in oil fired capacity. The available oil reserves are mainly used for transport, 
domestic space heating, industrial heat and the petrochemical industry. Peak units running on jet 
fuel do exists, but more and more, they are replaced by more efficient and environment friendly gas 
turbines. This is why oil fired technologies are not further discussed in this chapter. The main 
reason why oil would be used for electricity generation (even taken into account price fluctuations 
of oil/gas/coal which will to some extent be offset by CO2 taxes) would be for security of supply 
reasons: oil is a locally storable fuel, which is not the case for gas. But even in this case, oil would 
be used as jet fuel or kerosene in gas turbines. 
 

4.3.2. Description of current technologies 
 
The basis of a gas fired plant is a gas turbine. This turbine can be used in a simple configuration 
(SCGT) or in a combined cycle (CCGT), as discussed below. The term ‘gas turbine’ does not 
automatically imply the use of natural gas as fuel. It only means that a ‘gas’ – whatever its origin – 
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passes through a thermodynamic gas cycle. In GT’s 5 to 10% bio fuels can be injected into the 
combustion chambers, without having to implement major changes to the existing technology. 
 

4.3.2.1. Simple Cycle Gas Turbine 
 
The Simple Cycle Gas Turbine (SCGT) makes use of the thermodynamic Brayton cycle for the 
production of electricity. In the open cycle, air passes through a compressor before it enters into a 
combustion chamber. There, fuel is injected and a combustion reaction occurs. The resulting hot 
gasses enter a turbine, in which they expand, before being injected in the atmosphere. A closed 
cycle is possible as well, but this is not discussed here, as this is not being used for electricity 
production. 
 
SCGT’s can serve in base, cycling and peak load. They are very flexible in operation with (cold) 
start-up times from 15 to 30 minutes and with their quick load change capabilities. As a rule of 
thumb, SCGT’s have a power output of 40 MWth, 40 MWe and an electric efficiency of 40 to 42%. 
In case of e.g. an extreme temperature drop or a gas price shock, it is technically perfectly possible 
to make use of jet fuel as well. 
 

4.3.2.2. Combined Cycle Gas Turbine 
 
The Combined Cycle Gas Turbine (CCGT) is based on the SCGT, but a second turbine, i.e. a steam 
turbine is added. The residual heat from the flue gasses from the SCGT-cycle is recuperated in a 
Heat Recovery Steam Generator (HRSG) for the formation of steam; steam which is fed to a 
Rankine cycle. Different configurations and optimisations are possible (single/double shaft, 
superheaters, economisers, etc.), but the basic principle remains the same. 
 
The partial load efficiency is rather good, but once below 50% partial load the efficiency drops 
quickly. The gas cycle has an efficiency of approximately 38%. This is less than in a SCGT, 
because a maximised GT efficiency does not automatically results in a maximised CC efficiency. In 
practice, overall efficiency of the CC reaches 54 to 60%. Compared to the SCGT, the CCGT is less 
flexible, due to the presence of a steam cycle, in which higher pressures and thus thicker material 
structures are required. At operation temperature, the load change capability is approximately 5% 
fluctuation of the rated power per minute, but after a complete cooling down, it takes 10 to 16 hours 
to reach full power (this can be tackled by e.g. the use of a bypass16, which results in higher 
maintenance and investments costs). 
 
An advantage of the CCGT power plant is its short construction time (2 to 3 years) and its rather 
low overnight construction costs (approximately 580 €/kW). On the other hand, fuel costs amount 
to 80% of the total electricity production cost. This makes the gas-based technology very dependent 
on the gas prices, which are as volatile as the oil prices and of which it follows the long term 
increasing trend. 
 
CCGT units are a valuable option for cogeneration as both heat (i.e. steam) and power are 
produced. This is discussed in the chapter on cogeneration. CCGT’s are a valuable option as well 

                                                 
16 To bypass the HRSG, such that the gas turbine can run independently of the Rankine cycle. 
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for the repowering of old coal plants, of which the burner needs to be replaced, but the steam 
turbine is still in a good state. 
 

4.3.2.3. Other gas & oil technologies 
 
As the name suggest, in Steam Injected Gas Turbine cycles (STIG), steam is injected into the 
combustion chamber to increase the power output and reduce the NOx-emissions (see section 4.3.4 
below). Compared to the SCGT, STIG’s have a higher efficiency, but it is still below the CCGT’s 
efficiency. As this type of GT requires a lot of water, and as only 2 to 4% steam can be injected, 
without doing expensive changes to the turbine (i.e. R&D costs), its practical use is limited to some 
peak units or for small cogeneration appliances. In a turbo-STIG, less excessive use is made of 
water, as a GT is coupled with a steam turbine (in combination with a HRSG to reheat the steam 
before injection into combustion chamber), but still, it has not made a large commercial 
breakthrough. 
 

4.3.3. Future technologies 
 
Gas turbines and CCGT’s are rather mature technologies and no real technical breakthroughs are 
foreseen. Also costs are not expected to decrease a lot, indicated by a so-called progress ratio of 
90% (i.e. doubling in capacity, 10% reduction in costs). But anyhow, some challenges still remain. 
As for the coal technologies, material research is of major importance, firstly to make it possible to 
increase the turbine inlet temperature (TIT) of the GT (up to 1450°C) and secondly to increase the 
steam parameters up to supercritical circumstances. As the TIT is proportionally related to the 
pressure ratio of the gas cycle, it has a large influence on the efficiency. For this, the cooling of the 
GT is of importance as well. It is absolutely necessary to cool the GT, but with current technology, 
it takes up to 20% of the mass flow of the compressed air to cool down the turbine blades. More 
advanced cooling techniques (e.g. convection and film cooling) are necessary to reduce the air mass 
flow and so enhance the efficiency. By 2030, with the combination of the new materials and 
cooling options, an overall CCGT efficiency of 65% is projected. 
 
As CCGT units come more and more into cycling operation, it is important to work out efficient 
options (both from a technical and economical point of view) for a higher flexibility towards the 
partial load behaviour.  
 

4.3.4. Environmental issues 
 
The major concern with gas fired technologies is not the SOx-emissions (as natural gas does not 
contain sulphur, or only in a very low concentration), nor the CO2-emissions (only half or less of 
the emissions of coal plants, namely 350 to 400 gram CO2/kWh), but the NOx-emissions, which is 
one of the main causes of acid rain. To reduce those emissions, different types of combustors are 
introduced (e.g. operation in different modes depending on the load factor, injection of steam or 
water, etc.). All those measures reduce the emission remarkable, but they all have a negative 
influence on the overall plant’s efficiency. By this, emission reduction, in combination with high 
efficiency levels, remains a challenge for the future as well. 
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4.3.5. Data comparison 
 

4.3.5.1. Natural Gas Combined Cycle  
 
The present state of CCGT technology allows unit sizes up to 800 MW operating at guaranteed 
57.5% net efficiency. However, WP3 data entry, which is listed together with other data in 
Table A – 1, shows units sizes of 400 to 500 MW in 2005. Further increases of unit sizes up to 
1000 MW standards are reasonably estimated for 2010. In addition, significant efficiency 
enhancements are expected from transition to higher temperature levels: in TIMES and VGB an 
efficiency of 62% is assumed for 2030; WP3 expects an even higher efficiency of up to 65%. 
Whether such high efficiency levels will be reached in practice remains to be seen, but cannot be 
reasonably excluded from a forecast. PRIMES data sources, listing 54% for 2005 and 57% for 
2025, however clearly underestimate the net efficiency level reached today and the potential for 
future enhancements significantly. 
 
Short construction times of 2 years and an availability factor of 80% (7000 h/year) are backed by 
practical experiences, 85% (7500 h/year) however are judged to be too high an availability estimate 
considering ordinary times for maintenance and revisions. A technical lifetime of 35 years is within 
the normal range for fossil power plants, but would require replacement of the gas turbines and 
other main parts of the system during its life: therefore, a lifetime of 25 years for gas turbines, 
which is proofed in practice, is a more realistic estimate. 
 
Concerning construction cost, the year 2005 OIC estimate of WP3 is significantly higher than the 
estimate of TIMES taking the economies of scale associated with different unit sizes into account: 
515-580 €/kW compared with 470-485 €/kW for a 400-500 MW unit. Figure 6 indicates the 
influence of unit size on cost, illustrating the significant difference between WP3 and TIMES data, 
but showing at the same time a good congruence of TIMES with VGB ZEP data for the year 2005. 
PRIMES data sources are not related to any quotation of a unit size, but the OIC of 550 €/kW for 
2005 fit into the same cost range as WP3.  
 
Figure 7 illustrates the various data sources’ expected changes of cost and efficiencies over time. A 
further cost reduction of some 13% reaching an OIC level of 385 €/kW by 2030 is expected in 
TIMES. Arguments for the cost reduction potential are maturity of technology allowing larger unit 
sizes and series fabrication. This production related cost dampening effect would offset any cost 
rising factor associated with technology advancement. PRIMES projects cost reductions between 
2005 and 2025 comparable to those of WP3 (i.e. a progress ratio of 90%). VGB, however, expects 
rising investment costs over time, explaining the trend with higher material requirements associated 
with rising temperature levels when higher efficiencies are reached. The investment cost increase is 
shown in both studies of VGB, in which the institute participates.  
 
Data entries for specific decommissioning cost as well as for fixed and variable O&M cost should 
be in relation with such cost estimates for other fossil technologies, i.e. IGCC and coal condensing 
plants. Considering the more simple engineering works and the more moderate plant’s material 
requirements, CCGT systems should normally have lower demolition as well as O&M cost than 
coal burning plants. This is reflected by data entries of TIMES:  
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- Demolition cost: 15 €/kW (coal condensing: 32.5 €/kW, IGCC 50 €/kW) 
- Fixed O&M cost: 19-18 €/kW/yr (coal condensing: 34 €/kW/yr, IGCC 52.5 €/kW/yr) 
- Variable cost: 1.5 €/MWh (coal condensing: 2.6 €/MWh, IGCC 3.1 €/MWh) 

 
As for pollutant emissions, only TIMES data were available at the time of the present review. All 
entries shown in Table 1 are direct specific emissions of the TIMES data base, expressed in either 
g/kWh as for CO2 or in mg/kWh as for CO, NOX, SO2, CH4, N2O, PM (particulate matters) and 
NMVOC (non Methane Volatile Organic Compounds). Direct emissions relate from operation as 
opposed to indirect emissions relating from material used, which have to be added in a complete 
life cycle assessment for evaluating impacts of technologies. 
 
The emission profile of CCGT is distinguished by two trends:  

- There are generally much less pollutants emitted by CCGT compared with other fossil 
generating technologies:  
e.g. specific emissions of CCGT compared with hard coal condensing plants for 2005: 

o CO2 emissions of 353 g/kWh as opposed to 728 g/kWh,  
o CO emissions of 21 mg/kWh as opposed to 137 mg/kWh,  
o NOX emissions of 272 mg/kWh as opposed to 549 mg/kWh,  
o SO2 emissions of 0 mg/kWh as opposed to 549 mg/kWh, 
o CH4 emissions of 5 mg/kWh as opposed to 13 mg/kWh. 

- The specific emissions decrease over time due to inherent advancement in technology. 
 

TIMES

WP3

WP3

TIMES

VGB ZEP

0

100

200

300

400

500

600

700

0 100 200 300 400 500 600 700 800 900

Unit size [MW]

O
ve

rn
ig

ht
 in

ve
st

m
en

t c
os

t [
€/

kW
]

 
Figure 6: Combined Cycle Gas Turbine - Overnight Investment Cost vs. Unit Size, 2005 
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Figure 7: Combined Cycle Gas Turbine -Total Investment Cost vs. Efficiency, 2005-2030 

 
4.3.6. Conclusions 

 
In 2005, in the EU-25, slightly more than 50% of the electricity production is fossil-based: i.e. 
1650 TWh out of 3043 TWh. Approximately 54% of this 1650 TWh is produced by coal fired 
units. Gas- and oil fired units have a share of 38% and 8% respectively. Nowadays, there are still 
some providers in the EU-region, but by 2025 almost all gas will have to be imported (especially 
from Russia). As the demand for electricity is not expected to decrease in the future and in 
combination with the planned nuclear phase-out in some European countries, the fossil-fired 
electricity production option is chosen for base load and cycling17. Some years ago, the “dash for 
gas” was going on in several European countries, but as in last years, the gas prices increased, coal 
fired plants were the first option for electricity base load production (besides the existing nuclear 
and other “must-run” units). The gas fired units operate more and more as cycling units. Anyhow, 
the long term evolution of the gas fired share in electricity production in the EU-25 is expected to 
rise from 21% in 2010 to 34% in 2030. The concern for security of supply, combined with the 
already high (and still increasing) gas prices and the more stringent environmental regulations, urge 
the ‘gas turbine market’ to react. More efficient gas fired power plants are envisaged and other 
options which make use of the gas turbine technology are under development. One example of this 
is the Integrated Gasification Combined Cycle (IGCC), in which coal (or another heavy fuel) is 
converted into syngas, which is used as the primary fuel for the gas turbine. This can become an 

                                                 
17 Since the main renewable sources are intermittent and non-dispatchable. To some large extent, fossil-fired units will 
have to complement renewable generation. 
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environmental friendly option in combination with CO2-sequestration, prior to the combustion 
process. More details on this cycle can be found in the chapter on ‘Coal fired technologies’. 
 

4.4. Combined heat and power 
 

4.4.1. Intro 
 
Combined heat and power (CHP) or cogeneration is an energy conversion technique that tries to 
simultaneously convert primary fuel into two useful energy (transfer) forms: work and heat. 
 
In contrast to heat, work, is more difficult to generate. E.g., starting from fossil fuels, two ways are 
possible. The first one, by electrochemical means in fuel cells, appears very promising, but cannot 
yet be seen as a routine technology. The other way goes trough the thermal route and is based on 
the laws and concepts of classical thermodynamics. It concerns technologies of combustion engines 
and power stations. 
 
Promotion of CHP has become a policy measure towards more rational use of energy and a means 
for reduction of emissions of pollutants from energy conversion, because (well-designed) 
cogeneration of electricity and heat is more efficient than separate production. 
 

4.4.2. Principle of cogeneration: miscellanea 
 
Work and heat clearly have a different quality. Work is the most valuable type of energy. Work can 
be converted into heat completely, whereas heat can only be converted into work to a limited 
extent, given by the Carnot efficiency (i.e. 1 - T0/T, with T0 the ambient temperature). The higher 
the temperature of the reservoir, the bigger the potential to deliver work. A high-T reservoir has 
therefore more quality than a low-T reservoir (with the same “heat content”); the quality of the 
energy content of a state is called the exergy, or availability. It is too bad that this concept is not 
mentioned in the European Directive on cogeneration, but this is not a reason why we should not 
use it. 
 
More scientifically, exergy is defined as 'the maximal quantity of work that a system can deliver 
(on its way to equilibrium with the environment)'. Fuels before combustion, electricity and work 
itself have a high quality and therefore a relative exergy-content of 1; a body at temperature T has a 
relative exergy-content of (1 - T0/T). The quality or exergy content of the heat dumped into the 
environment in an optimised power station is very low. The drained heat is almost worthless. 
 
At first sight, contemporary boilers for central heating are very efficient. We talk about energetic 
efficiencies of 90 - 95%. Nevertheless in their classical application for room heating, the quality of 
energy is poorly used. After all, one starts from fossil fuel with a “high quality”, with a relative 
exergy content of 1, while hot water is produced at a temperature of 80-90°C to finally heat a room 
to 22°C. The exergy of the fuel is drastically diminished to hardly 5% of the original exergy 
content. In other words, the exergetic efficiency of central heating system is merely 5%. This 
means that by this kind of space heating a lot the intrinsic quality of fuel has been lost. Space 
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heating with central heating boilers is a very inefficient process. There are more clever ways to 
generate low-temperature heat.18 
 
From the discussion above, one gathers that conceptually speaking cogeneration has little to do 
with heat recovery in power stations. Cogeneration should rather be seen as a clever way to 
generate heat. Instead of degrading valuable fuel to heat at low temperature, it is better to insert 
some kind of power conversion equipment (like a turbine or an engine) during the degradation 
process to produce some work. According to this point of view, cogeneration is a method whereby 
electricity is a by-product, while heat is produced anyway (heat that otherwise would have been 
produced by a boiler). 
 
In the case of reciprocating engines and (simple) gas turbines, it may be said from a practical 
viewpoint that cogeneration is a way to recover heat next to mechanical-power generation. 
However, it must be stressed that electricity generation with engines is inferior to the combined 
cycle technology, and that it only makes sense if the heat is also recuperated. 
 

4.4.3. Description of current technologies 
 
Several mature electricity production technologies are well suited for cogeneration applications. 
The prime movers used, are of the following type: 

• steam turbines (extraction-condensing or back-pressure) 
• gas turbines 
• reciprocating engines (especially gas- and diesel engines). 

These prime movers are characterised by the type of fuel they use, the kind of combustion process 
and the power efficiency, the quantity and the temperature of the recoverable heat. An important 
characteristic of a cogeneration installation is the so-called heat/power ratio /Q E& &  for a chosen 
working point; this is the ratio between the available heat-power Q&  and the electric - work 
power E& .19 Conversely, sometimes the power/heat ratio /E Q&&  is used.  
 
This chapter on cogeneration will not discuss in detail the different technologies. Only items like 
unit size and power to heat ratio will be mentioned here (see Table 6). More details can be found in 
literature. 
 
 Unit size /E Q&&  
Steam turbine  1:2 → 1:10 
 Back-pressure 50 kWe to 100 MWe 1:10 → 1:4-5 
 Condensing with steam bleeding  1:3-4 
Gas turbine 100 kWe to > 100 MWe 1:1 → 1:3 (1:2 most common)

                                                 
18 A thermodynamically speaking very good device is a heat pump. Here, environmental energy is “pumped up” to the 
required temperature for space heating. 
19 Power (energy per time unit) is expressed with a point above the symbol. E is the electric energy; E& is the electric 
power. Often in the context of CHP, “power” is used as a shorthand for electric power, although sometimes even 
electric energy is meant. The reader should be aware of this confusing habit to utilise the word “power” in two different 
meanings. 
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Reciprocating engines   
 Diesel engines 100 kWe to 60 MWe 1:0.5 → 1:1.2 
 Gas/petrol engines 5 kWe to 4 MWe 1:0.5 → 1:3 

Table 6 General info on different cogeneration technologies 

As already explained, a combined cycle power station is a system that combines both a gas and a 
steam turbine to generate mechanical and electric power. When the system is optimised for 
electricity production, one obtains a high-value electricity power station with work efficiency 
around 55-60 %. A common combined cycle power station recovers heat of the exhaust gasses of 
the gas turbine, thereby maximising the electricity production. Through steam bleeding, or via a 
back-pressure turbine, one could recover an amount of high-temperature heat coming from the heat 
recovery boiler. The price to pay is a lower efficiency for electricity production. However, the 
overall primary energy consumption will be lower than for the separate production of electricity 
and heat. 
 
Besides the mature technologies like gas turbines, steam turbines, reciprocating engines and 
combined cycle units, which are all commonly used for cogeneration applications, more 
prospective technologies are under development as well. Firstly, there is the Stirling engine, which 
is based upon a thermodynamic cycle which has a theoretical efficiency equal to the Carnot 
efficiency. The cycle passes between two isotherms and two isochors. However, the practical 
realisable efficiencies of Stirling engines are quite low; electric efficiencies are situated between 
10% and 30%. It is an open question whether Stirling engines will have a serious impact over the 
next twenty years. 
 
Another prospective technology are fuel cells. These are electrochemical apparatus which convert 
chemical energy straight into electricity. Because the electrochemical reaction (the isothermal 
oxidation of hydrogen) is accompanied by several irreversibilities, heat is produced. The fuel cell 
must be cooled adequately so that the stationary operational temperature is optimal for the ongoing 
electrochemical reactions. The heat delivered by this cooling circuit can be utilised for heating 
purposes; if the necessary provisions are provided to use the available heat, then one has a 
cogeneration unit. Nowadays, research is done on several types of fuel cells. All the different types 
are discussed in the chapter on fuel cells below. Although fuel cells are a potentially promising 
technology for the future of cogeneration applications, before the massive break-trough, ample 
technological optimisation is needed. Also in economic terms, fuel cells have to make considerable 
advances before they will be competitive. 
 
Nuclear power plants are using steam turbines similar to those used by large fossil plants, but with 
poorer thermodynamic parameters. CHP applied to nuclear units has been used only on a smaller 
scale, e.g. heat supply for the town of Visagenas near the Ignalina nuclear power plant in Lithuania. 
In the late 1970s studies were made for CHP supply from planned new nuclear plants in Sweden 
and Denmark, but these units were never built. Because of the poor thermodynamic parameters – in 
particular the power-loss ratio20, which has been quoted as high as 0.24 – large-scale heat supply 
from nuclear units, may not be profitable. However, newer technologies and optimal dimensioning 
of all features could lead to a different conclusion, but no experience or recent studies are available. 

                                                 
20 The power-loss ratio is the percentage electric power loss per unit of extracted heat. 
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4.4.4. The energetic advantage of a CHP unit 
 
Producing heat and electricity by means of a CHP unit is energetically very different compared to 
the separate production, by means of a traditional boiler and an electric power plant. Some different 
parameters have to be defined:  
 

Eα  electric efficiency of the CHP unit Qα thermal efficiency of the CHP unit

Eη  efficiency of the electric power plant Qη  efficiency of the boiler 

E&  useful amount of electricity produced Q&  useful amount of heat produced 
 
The sum of this electric and thermal efficiency is often unfortunately called the ‘overall efficiency’ 
of a CHP unit21. This is unfortunate from a thermodynamic viewpoint because two amounts of 
energy, heat and work, which are characterised by a totally different quality, are simply added. 
Therefore, it seams more appropriate to refer to this sum as the Fuel Utilisation Ratio (FUR), TOTα . 
 
Based on the parameters above, two formulas are deduced to specify the amount of energy that can 
be saved. To produce E&  units of electricity and Q&  units of heat, the primary power22 savings (PPS) 
can be written as follows: 

1QE

E Q

PPS
αα

η η
= + −  

 
The first two terms are the amount of fuel used for separate production assuming that the CHP unit 
is normalised to use 1 unit of primary fuel. Then, using a CHP unit, the relative primary power 
saving (RPPS) in comparison to separate production is given by the following formula: 
 

11
QE

E Q

RPPS αα
η η

= −
+

 

 
The expression for RPPS is used to define a so-called Quality Index (QI) of a CHP installation. To 
label the CHP unit as “quality-CHP” – a requirement for the CHP unit to be qualified for subsidy 
support – a certain minimum value for the QI is imposed. Values of 0% for smaller CHP units 
(< 1 MWe), to 10% for larger units (< 1 MWe) are used. The CHP Directive (or at least the practical 
implementation of it) gives the following strategy. In a first step, one has to define which part of the 
installation can be considered as “real CHP” or as “ordinary heat production”23. In a next step, the 
electric and thermal efficiency of the CHP unit (calculated after the determination of the CHP and 
non-CHP part) has to be used to define the RPPS. As defined in the CHP Directive (e.g. Article 
12.2), the member states can define other quality indices for the attribution of subsidies. 
 

                                                 
21 Nevertheless, the EU CHP Directive utilises this terminology. 
22 “Power” here means energy per unit of time, and is not to be interpreted as a short for electric power. 
23 The methodology on how to break up the installation is still under discussion on the European level. In any case, the 
FUR of the CHP-unit ( Eα + Qα ) will play a role in it. 
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The reference values for the electricity and heat production in the case of separate production to be 
used for the RPPS-calculation (and the corrections to be applied) are given by the European 
Commission. 
 

4.4.5. Allocation of the CO2-emissions of CHP units 
 
The reduction of CO2-emissions achieved by using a CHP facility is often referred to as the 
environmental benefit of such a facility. These avoided emissions depend on the primary energy 
savings and the type of fuel used. Each type of fuel has its own emission coefficient (CI), e.g. 209 g 
CO2/kWhprim for natural gas. This implies that the avoided CO2-emissions due to the use of a CHP 
installation equal the product of the primary energy savings and the emission coefficient of the fuel: 
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When the total inventory of CO2-emissions for a whole country is made, it can be useful to know 
which amount of emissions can be attributed to the generation of electricity and which amount to 
the production of heat. This attribution of emissions to the production of electricity and heat is 
called the allocation of CO2-emissions. Four different allocation methods can be distinguished; 
each of them having its own advantages and drawbacks. The direct energetic allocation method 
distributes the amount of CO2 emitted amongst the electric and heat side according to the amount of 
energy produced. The direct exergetic allocation method takes into account the quality of the 
produced heat by introducing the Carnot factor. This is a more defendable allocation method. The 
‘indirect energetically-weighted allocation method’ allocates the avoided CO2-emission 
proportionally to the produced final energies, electricity and heat. The last allocation method, the 
‘indirect exergetically-weighted allocation method’, allocates the avoided CO2-emissions 
proportionally to the exergy-content of the two produced secondary energy carriers. More details 
can be found in the literature. 
 

4.4.6. Cogeneration and district heating 
 
District heating is a widespread application of cogeneration. Although the regional climate is an 
important factor in the use of DH24, it has never been the key driver. The historical and institutional 
background has been far more important. In Northern Europe, local influence on the utilities has 
been a key factor in promoting DH; in the former Communist Central and Eastern Europe the 
widespread building of large housing blocks was generally planned with heat supply from DH. 
 
Several configurations, which make use of gas- or coal-fired technologies, are used. However, one 
is not necessarily obliged to use a cogeneration unit for DH. A classical boiler can fulfil the heat 
demand as well, but a substantial part of the DH systems are cogeneration based. As only low 
temperature heat of 75°C to 150°C is requested for the heating of houses and buildings, CHP units 

                                                 
24 A good indication of the regional climate is the use of “degree days”. Although several countries have different 
definitions, they can give a good idea on the climate and the need for heat of a country in combination with the wind 
speed and the sunshine. 
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are ideal to minimise the exergetic losses. All technologies, mentioned above in Section 4.4.3, can 
be used. To increase the flexibility of the heating system, back-up boilers or heat storage tanks can 
be used. 
 
Although there are some examples where the use of district heating is advantageous, both from an 
energetic and economic point of view, one does not come to the same conclusion in every case. 
Especially the investment in a new heat-distribution grid may be precarious. The more heat is 
transported through the network – so the more heat is consumed by the users of the network – the 
sooner the investment is paid back. But this is in conflict with the aim to increase energy efficiency 
in houses and reduce heat consumption without comfort losses. So there is a conflict of interests: 
more heat consumption to regain the investment costs of the network versus less heat consumption 
by better insulation of houses. Besides that, the CHP operators are facing the same problems as 
other electricity generators; namely that electricity prices on both the spot and futures markets are 
too low to justify investment in new capacity. 
 

4.4.7. Data comparison 
 
CHP is a mature generation technology with high potential for the heat and electricity markets. In 
the present review of technologies gas and hard coal fuelled systems have been included, the 
characterisations of which are listed in Table A – 8 and Table A – 9. 
 
For the CHP technologies, unit block sizes in the medium scale of 105-200 MW are installed as 
standard type for the natural gas fuelled CHP plant, whereas larger block sizes of 400-500 MW are 
common for the coal fired CHP plant.  
 
Efficiencies of CHP plants are dependent on the plant configuration of thermal and electric outputs, 
which are customer specific elements for a designed plant. Efficiencies compared in this review 
refer to the net generated electricity and are therefore characteristic for the electric part of a CHP 
system only, while the thermal part is included in the CHP efficiency. Efficiencies for the gas 
fuelled CHP are initially around 45% in the WP3 and TIMES data sources and increase to 52% in 
2003 according to WP3. No increase is shown in TIMES, although technological advancements and 
efficiency increasing higher temperature levels are very likely. Efficiencies for the coal fired CHP 
are 2.5% lower than for gas fired CHP in TIMES in the year 2005. The coal CHP efficiency of 
TIMES exhibits an increase from 42.5% in 2005 to 45% in 2030. WP3 data sources, although 
starting from a level of 48.5% in 2005 for a coal fired CHP, which is a too high estimate compared 
to gas fuelled CHP, shows a similar trend, reaching 52% by 2030. 
 
Data estimates for an availability factor of 85% - 91%, a technical lifetime of 30-35 years and a 
construction time of 1-2 years for the gas fuelled CHP and 3-4 years for the coal fired CHP 
according to TIMES  and WP3 data sources, are in good relationship with such data of other fossil 
power generating systems.  
 
As for the investment cost, there is a relative good accordance among the reviewed sources: the 
200 MW unit gas fuelled CHP are in the range of 566-622 €/kW in WP3, TIMES and OECD, 
whereas the smaller 105 MW unit with 864 €/kW (OECD) is clearly more expensive, as Figure 8 
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illustrates. The illustration indicates as well the cost differential of approximately 100 €/kW 
between a CCGT power plant and the natural gas fuelled CHP plant. 
 
Investment costs of coal fired CHP plants in the 400-500 MW unit range are almost exactly twice 
as high as the gas fuelled CHP systems. They are also some 100 €/kW more expensive than coal 
condensing power plants of the same size. 
  
O&M cost in the range of 5 €/MWh, as estimated in TIMES for the gas fuelled CHP,  compare well 
with the CCGT O&M cost of 4 €/MWh; and O&M cost in the range of 9 €/MWh, as estimated in 
TIMES for the coal fired CHP, are in good accordance with the hard coal condensing power plants’ 
O&M cost of 8 €/MWh. O&M cost trends of WP3 sources however are quite different: the entry is 
higher for the gas fuelled CHP than for the gas fired system (8.3 €/kWh for gas as opposed to 
4.9 €/MWh for coal), which is not a very realistic assumption. 
 
As for pollutant emissions, it is a realistic assumption that the specific value per kWh electricity is 
higher than for comparable electric power-only devices. TIMES estimates a higher specific 
emission of some 30% for a natural gas fuelled CHP plant compared with a power-only CCGT 
plant and some 10% higher specific emission for a coal fired CHP plant compared with a hard coal 
condensing power plant. 
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Figure 8 Investment Cost of Gas Fuelled CHP Plants, the OECD (1) plant is of a smaller size (~ 

100 MWe) compared to the others which are all of the order of 200 MWe. 
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4.4.8. Conclusions 
 
If used properly, cogeneration is a very interesting technology to obtain primary energy savings and 
accompanying reductions in CO2 when generating electricity and heat. Also, economically, this 
technology may be attractive, although market circumstances may necessitate subsidy schemes to 
promote a certain market penetration. 
 
The European Commission believes that cogeneration can positively contribute to the EU 
environmental policies. Therefore, it has created a framework for the promotion and development 
of high efficiency cogeneration of heat and electric power. Within this framework, a good 
definition of quality cogeneration is essential. In this discussion, it is important that one does not 
lose sight of the fundamental thermodynamic concepts and backgrounds. 
 
When the construction of a CHP unit is under consideration, it is important to realise that 
cogeneration is only justified if the produced heat is actually utilised. Throwing away – or 
condensing – heat is to be discouraged and can only be allowed if the primary energy savings 
(integrated over e.g. a year) thanks to cogeneration remain positive compared to separate generation 
of electricity and heat. 
 
From a technical point of view, several mature CHP-options are available. Depending on the 
required power range, steam turbines, gas turbines, combined cycles or reciprocating engines are 
well-known solutions. New options for cogeneration applications, like the Stirling engines and fuel 
cells, are under development, but considerable advances have to be made before they will become 
competitive. 
 
Although district heating is a widespread application of cogeneration, since newly built houses 
minimise the heat demand, due to the more stringent insulation requirements, and since the natural 
gas grid becomes more and more widespread, one needs to carefully analyse whether the 
centralised heating option is economically be preferred over individual heating. 
 

4.5. CO2 capture and sequestration 
 

4.5.1. Intro 
 
It is clear that limits have to be placed on the atmospheric concentration of CO2. To reach this goal, 
a transition to a much less carbon intensive economy is necessary. As this may take at least fifty 
years, and as it is too expensive to only rely on zero CO2-fuels (i.e. RES) and to some extent 
uncertain to rely on nuclear because of public acceptability, fossil energy carriers will continue to 
play their role in the long term; both from an economic and security of supply viewpoint. To reduce 
the anthropogenic CO2-emissions, Carbon Capture Storage (CCS) seems to be one of the best 
options. From the three aspects included in CCS (i.e. capture, transport and storage), long term and 
reliable storage is the most difficult challenge. 
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4.5.2. Capture 
 
The first part of CCS is the capture of the CO2. For this, it is the best option to focus on the major 
concentrated points of emissions: the thermal power stations and the industry. Although the 
transport sector is a large CO2-emittor as well, this is more difficult (or almost impossible) to deal 
with, as all the small CO2-sources (i.e. the engine) are scattered. This chapter on CCS focuses on 
the electricity production sector. 
 
Three major pathways exist towards CO2-capture. They will be discussed below. 
 

4.5.2.1. Post-combustion capture 
 
A first option is the post-combustion capture of CO2 in the flue gasses. This method is applicable 
for new conventional plants and existing units. The flue gasses pass in large volumes through the 
capture units. As the partial pressure of CO2 in the flue gasses is low because of the large amount of 
N2 present, very selective separation techniques have to be used. The most promising technology is 
by absorption, mostly by making use of an ethanolamine (MEA-scrubbing25). Separation 
efficiencies of 90% can be reached. Besides adsorption, absorption (in which CO2 is physically or 
chemically solved into a solvent), cryogenic separation (i.e. the condensation of solidification of 
CO2) or membrane technologies can be used. However, the three last ones are more used for pre-
combustion and oxyfuel capture (see below). All the individual processes are state of the art in 
chemical engineering applications, but they are not integrated and tested yet on a (large) 
commercial scale in the power generation sector. 
 
Although high separation efficiencies can be reached, the major drawback of the post-combustion 
capture is the large reduction on the power plant’s efficiency. E.g., for a modern lignite power plant 
with an overall efficiency of 43% (without CCS), the installation of a capture unit leads to a 
decrease in efficiency of 10 to 12% points. The cost, which takes the efficiency decrease into 
account, is approximately € 50/t CO2. 
 

4.5.2.2. Pre-combustion capture 
 
As the name suggest, pre-combustion capture, captures the CO2 prior to the combustion. After 
gasification of the fuel and a shift reaction (i.e. conversion of CO in CO2 and H2), CO2 can easily 
be separated in a scrubbing unit, making use of the technologies mentioned above (e.g. by 
cryogenic distillation). As the volume flow largely is decreased compared to the post-combustion 
capture, the size of the separation plant can be reduced, and as a consequence, the costs as well. 
Another advantage is the increased CO2 pressure and concentration, which make it possible to use 
less selective separation techniques, which require less energy input. 
 
The IGCC technology (see chapter on coal-fired technologies) looks very promising for this option, 
but it has not been tested on a commercial scale yet. The technologies are proven for ammonia 
plants, but they need to be redesigned here. So anyhow, high costs and risks will be present. In 

                                                 
25 MEA: Mono Ethanol Amine 
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combination with the IGCC technology, pre-combustion is expected to lead to a decrease in 
efficiency of approximately 6% points and to a cost of € 20-40/t CO2. 
 

4.5.2.3. Capture after oxyfuel combustion 
 
The oxyfuel combustion process is a largely novel process which makes use of oxygen instead of 
air for the combustion. Some recycled CO2-rich flue gas is added to control the flame temperature. 
The resulting flue gases are CO2-rich as they are not diluted with nitrogen. By this, CO2 can simply 
be removed by low cost techniques (e.g. by condensation of the present H2O part of the flue 
gasses). A lot of R&D-effort is still needed to make this technology commercially available. One of 
the challenges is the re-design of the gas turbines to make them able to operate with a highly 
concentrated CO2 flow. The high costs and energy needs for the O2 production remain another 
difficult issue as well. In the end, this technology is expected to have similar CO2 avoidance costs a 
with the IGCC + CCS technology. 
 

4.5.3. Transport 
 
The second part of the CCS-chain is the transport of the captured CO2. This is the easiest part as no 
additional investigation is requested. CO2 has to be compressed to approximately 100 bar, before it 
can be transported in a supercritical or liquid phase through pipelines or by tankers. The 
components for the compression are already tested and proved to be successful (although there are 
a lot of energy requirements for the compression) and approximately 3000 km of pipelines are 
already in operation (in North America). Figure 9 gives an overview of the costs of the overland 
CO2-transportation by pipeline. 
 

 
Figure 9 Cost of overland transportation of CO2 by pipeline (Source: IEA/OECD 2004 – 

“Prospects for CO2 Capture and Storage”) 
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4.5.4. Storage 
 
After the capture and the transport of the CO2, it has to be stored on an environmentally friendly 
and long term reliable way. Some options exist and are discussed below. 
 

4.5.4.1. Geological storage 
 
A first option is to inject CO2 in geological appropriate reservoirs. As this option has the theoretical 
potential to store very large quantities, it is comprehensively studied. Based on the analysis done 
for WP3, Table 7 gives an estimation of the global storage capacity. 
 

Sequestration option Global capacity (Gt CO2)
Oil and gas reservoirs 100 – 1000 
Deep saline aquifers 400 – 10000 
Coal seams 10 – 100 

Table 7 Estimation of the global geological storage capacity 

Saline aquifers are the first geological storage option. They have a great potential to store CO2 and 
are widely distributed. Currently, some demonstration projects exist which illustrate the technical 
feasibility of this option (e.g. storage in the Sleipner field by Statoil in Norway at a cost of 15 USD 
per t CO2). 
 
A second option is the storage in depleted gas reservoirs. The ability to store gas in this way has 
already been demonstrated for millions of years. Since the early 1900’s, those reservoirs have been 
used for the storage of natural gas. An advantage of those reservoirs is the presence of the pipe 
delivery systems, which improves the economics of this option. 
 
Enhanced Oil Recovery (EOR) is another known and already widely used technology. Here, CO2 is 
injected into oil fields to enhance the recovery of oil. 
 
A last geological option is in unminable coal seams. As those seams contain methane, CO2 can be 
injected to recover it. For each recovered methane molecule, 2 to 3 molecules CO2 can be stored. 
This option is referred to as Enhanced Coal Bed Methane Recovery (ECBMR) and is already now 
commercially available and practiced in the US (since 1996 at the Burlington Resources’ Allison 
Unit in the San Juan Basin in New Mexico). 
 
All the geological storage options have the advantage of a possible reversibility: CO2 is stored at a 
well defined place and can be recovered if necessary. An advantage of EOR and ECBMR is the 
profit which can be made out of this two options, in terms of the enhanced recovery of oil and 
methane. An open question is whether one can guarantee a long term reliable sequestration. 
Another topic to study is the mix between CO2 and other gases, like NOx and SOx, in the storage. 
 

4.5.4.2. Ocean storage: 
 
Although ocean storage offers a large storage capacity in principle, it does not receive a lot 
attention as it is not felt to be safe enough in the long term and as it does not seem to be 
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ecologically acceptable. There exist three types of ocean storage, which depend on the CO2 density. 
If CO2 is injected at intermediate depths of 1500 to 2000 metres, it dissolves in the water while it 
rises to the surface. At larger depths (3000 meters), CO2 is denser than water, and so it creates a 
lake of CO2 liquid at the sea bed. A third option is with frozen CO2 blocs with a density of 1.5 t/m³. 
These blocs can be dropped from a boat and sink quickly to the sea bed. 
 

4.5.4.3. Other storage options 
 
In mineral carbonation or mineralisation, CO2 reacts with naturally occurring substances to create 
a product which is chemically equivalent to naturally occurring carbonate minerals. By this, stable 
and environmentally benign carbonates are formed. This technology is only at laboratory stage of 
development. 
 
Two last options are the biological sinks, which both offer a short time CO2 sequestration and are 
still in an R&D-phase. The first technique makes use of seaweed and is based on the photosynthesis 
of micro algae. CO2 from stationary combustion systems is captured and used in this photo-
bioreactor for the formation of e.g. bio fuels. The other option makes use of methalogens to convert 
CO2 into CH4. 
 

4.5.5. Data comparison: fossil power plants + CCS 
 
CO2 sequestration or CCS (carbon capture and storage) technology implies adding infrastructure to 
a fossil power plant: either by pre-combustion or post combustion measures or by using oxygen 
instead of air to separating (sequestering) CO2 from the process. The additionally needed 
infrastructure has in any case an impact on the cost and efficiency of fossil power generation, i.e. it 
increases the investment expenses and reduces the efficiency. Higher investment cost will then in 
turn lead to higher O&M cost. Storage costs for CO2 disposal in appropriate geological formations 
are not included in the technology characterisations shown here, as that cost item can be considered 
to be a component to be added to the fuel cost, when installing a CCS facility.  
 
Two power plant types with CCS have been considered in the reviewed technology 
characterisations, which are shown in Table A- 6 and Table A- 7: the Combined Cycle Gas Turbine 
power plant and the Integrated Gasification Combined Cycle power plant, fuelled with both hard 
coal and lignite. Availability of the technology is estimated to be clearly after 2010 in all of the 
reviewed sources.  
 
Taking 2030 as reference year, there is a net efficiency loss of 5.1-6.5%-pts for natural gas 
combined cycle plants with CCS technology according to TIMES and VGB sources, as shown in 
Table 8. As for an IGCC lignite power plant, the addition of CCS technology would contribute to a 
6%-pts loss according to WP3/TIMES sources, whereas an IGCC hard coal power plant with CCS 
technology would show a 4%-pts loss according to VGB ZEP sources. The latter entry seems rather 
low; compared with the estimates of the other sources. 
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*) compared are net efficiencies of standard technologies with and without CCS systems  

 
When comparing the costs, resulting from the addition of CCS technology to standard designs, 
large differences show up among the sources that have been reviewed, as exhibited in Table 9. The 
extra investment cost ranges from 281 - 564 €/kW for a CCGT to 195 – 316 €/kW for an IGCC 
power plant. Considering the complexity of the CCS technology which is added to a relative simple 
gas and steam cycle system having a low cost basis, the cost differential will in any case be 
significant, as indicated by both TIMES and VGB sources.  
 
TIMES and VGB, although estimating different extra costs in absolute values, agree in the same 
cost-addition tendency, assuming higher CCS cost additions for the CCGT plant (TIMES 117%, 
VGB 55%) and moderate CCS cost additions for an IGCC plant (TIMES 25%, VGB 13%). The 
reason for such different cost additions for the sequestration systems of these two power plant 
technologies is that the gas stream from the IGCC gasifier facilitates CO2 extraction from the 
process before gas burning. The IGCC syngas consists mainly of gaseous fractions of CO and H2, 
the CO fraction of which can be converted to CO2 (in a shift reaction using steam) and then 
separated for long-term sequestration. The extraction of CO2 from the process in a CCGT plant 
however requires more costly and elaborate pre- or post combustion measures or a process using 
pure oxygen for burning (Oxyfuel process). 
 

 
 

WP3 TIMES PRIMES VGB ZEP VGB RoE 

CCGT 
 

 564 
(117%) 

 303 
(55%) 

281 
(55%) 

IGCC 
hard coal 

   195 
(13%) 

 

IGCC 
lignite 

316 
(25%) 

316 
(25%) 

   

Table 9 Investment Cost Increase [€/kW] Resulting from Adding CCS, 2030 (* 

*) compared are net efficiencies of standard technologies with and without CCS systems  

 
O&M costs are estimated to increase substantially, when CCS designs are added, e.g. total O&M 
cost increase from 3.9 €/MWh to 8.1 €/MWh for the addition of CCS to an CCGT power plant and 
from 10.2 €/MWh to 12.3 €/MWh for the addition of CCS to an IGCC lignite power plant 

 
 

WP3 TIMES PRIMES VGB ZEP VGB RoE 

CCGT 
 

6.5 6  5.1 5.1 

IGCC 
hard coal 

   4  

IGCC 
lignite 

6 6    

Table 8 Percentage Efficiency Loss [%-pts]; Resulting from Adding CCS, 2030 (* 
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according to TIMES. Such estimates are plausible, as the more complex technology requires much 
more personnel and maintenance services.  
 

4.5.6. Conclusions 
 
Once commercially available, CCS will play an important role in future electricity production. 
Before that phase is reached, some challenges need to be tackled. 
 
Concerning CO2 capture, post-combustion capture is not expected to be a long term solution as the 
costs and the efficiency penalisation are high. Pre-combustion capture looks promising, but an 
R&D-effort is needed before commercialisation is possible. Some issues of interest are the cost 
reduction, an availability enhancement and a further integration of the different components. If 
enough effort is done, a demonstration plant with CCS is expected to be built by 2020. Oxyfuel 
combustion is another promising technology, but so far, no technical results are available, so a lot 
of research is requested. 
 
Transport of CO2 is not a big challenge any more as knowledge on this topic is widely available. 
CO2 storage on the other hand requests an important R&D effort. Although some options are 
already used in commercial applications, questions remain open on the long term behaviour of the 
stored CO2. And this issue needs to be tackled before storage can be implemented on a large scale. 
Besides that, as no legal framework on CO2 storage exists, legal and permit issues must be 
developed as well. 
 

4.6. Nuclear fission 
 

4.6.1. Intro 
 
Approximately 35% of the electricity in the European Union is produced by nuclear power plants 
(NPP’s), in 13 different countries. Although until recently the public in some countries has had a 
rather negative attitude towards nuclear energy – which originates largely from the accident in 
Chernobyl, a worldwide comeback seems to occur. The main reasons for that can be found in the 
absence of GHG emissions while producing electricity, the price stability of the produced 
electricity and the independence of fossil fuels, which is important in the framework of security of 
supply. On the other hand, a safe and long term reliable option for the storage of long life 
radioactive waste is a key issue in the further development of nuclear energy. 
 

4.6.2. Description of current technologies 
 
In a fission reactor, a heavy atom (like uranium 235 or 233 or plutonium 239) splits by the impact 
of a neutron. As a result, energy is released in an amount which is equivalent to the mass difference 
before and after the fission reaction. Besides energy, other neutrons are released during the fission 
reaction; neutrons which induce other fission reactions. A chain reaction is the result. To keep this 
chain reaction under control, the neutrons are slowed down to “thermal” energies (nowadays, all 
commercial reactors are “thermal” ones, from the second generation). A coolant cools the reactor 
core and the resulting heat can be used for steam formation in a secondary circuit (i.e. a Rankine 
cycle). All existing reactors operate according to this basic scheme, but the type of fuel, moderator 
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and coolant can differ. The Light Water Reactor (LWR) which uses enriched uranium as a fuel, and 
ordinary water both as coolant and moderator, is most commonly used. Among the LWR’s, the 
Pressurised Water Reactor (PWR) and Boiling Water Reactor (BWR) are broadly used. Due to the 
low operating temperatures of NPP’s, the overall electrical yield is restricted: for each kWh of 
electricity produced, 2 kWh of heat is lost in the environment, so that the efficiency is about 1/3. 
 
Modern NPP’s have an availability which varies from 82 to 85% (even up to 90% possible 
nowadays; www.iaea.org) and they are mainly used for base load as they are much less flexible 
than gas-fired PP: for large NPP (900 to 1300 MW), the power output can change with 30 to 
40 MW per minute. Its technical minimum is 25% of the net continuous power. Depending on the 
licensing procedures of the different countries26, a typical operational life of a NPP can be defined, 
albeit that currently many operational-life-time extensions are being considered. 
 

4.6.3. Future technologies 
 
Future evolutions of NPP’s can be divided into two categories. The first one is the “generation III” 
reactor. This is still a thermal reactor, but with smaller investment costs, higher competitiveness, 
improved safety, less toxic waste, better use of natural resources and an increased proliferation 
resistance. The European Pressurised Reactor (EPR) is a third generation type, which has enhanced 
safety innovations to prevent core meltdown and against terrorist attacks and earth quakes. It has a 
higher flexibility in terms of fuel management, and its electric efficiency amounts up to 36%. Its 
availability is expected to be 91% and the projected lifetime is 60 years. Two EPR’s are planned to 
be built in France and Finland. Another typical Gen-III plant is the Westinghouse AP-1000. 
 
The “generation IV” reactors are the next category of reactors. Those types of reactors put even 
more emphasis on a reinforced safety and on a further reduction of the high-level radioactive waste. 
Natural resources can be saved as the fuel cycle will be closed (by this, resources would become 
roughly speaking “unlimited”). It is expected that generation IV reactors will be fast reactors. 
Contrary to the thermal reactors, no moderator will be needed and the fission reaction will be 
sustained by more energetic neutrons. Possible concepts will be the metal- and gas-cooled reactors, 
as well as the super-critical water-cooled reactor. One of the main issues to be tackled will be the 
costs. It is expected that those reactors will be much too expensive to compete with generation III 
NPP’s or fossil fuel PP’s under the current primary-fuel conditions. The first units will probably be 
commercialised by 2040 – 2050. 
 

                                                 
26 In the USA, licences are given for 40 years; before the nuclear phase out law in Belgium, no definite licence expiring 
existed: every 10 years, a power plant was supposed to undergo a ten-year overhaul, after which the licence was 
extended for another 10 years. Note that there is no predetermined lifetime of a system (such as a NPP); only 
components have a definitive lifetime. In principle, “all” components are replaceable; but subject to stringent safety 
standards for the whole system. At some point, it will be too expensive to further replace components or to refurbish 
the plant, leading then to a shutdown of the plant. 
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4.6.4. Environmental issues 
 
Nuclear power plants have the advantage not to emit greenhouse gases while producing electricity. 
By this, approximately 500 million ton of CO2 per year is avoided in the EU. Also, neither SO2 nor 
NOx are emitted. When the overall life cycle is concerned, 4 to 7 gCO2/kWhel is emitted. 
 
However, there is another topic which is over major importance when dealing with nuclear energy: 
radioactive waste. It can be divided into two categories. The largest volume exists of short and 
medium term radioactive waste. As this can be stored and dealt with in a safe and reliable way, this 
is not the core problem. The second category is the high-level long-lived radioactive waste, which 
represents 95% of the activity, and which has a long living radiotoxicity, but which is by far the 
smallest volume share. The basic question is how to manage this type of waste in a safe and long 
term sustainable way. Although technical solutions exist and have reached the stage of 
technological development and demonstration in several countries, and although the operators have 
set funds aside for the storage, no definite political choices have been made. The influence of 
political and public discussions slows down the decision process. Very often, real technical issues 
and proposed solutions do not get a change to be discussed. Probably the best option is geological 
storage in deep underground disposals. As this “waste issue” is of major importance for the further 
development of nuclear energy (as fission products are inevitably a result of the fission process), 
this needs to be tackled urgently for it not to cloud the further evolutions of nuclear energy 
production. 
 
The amount of waste can be reduced by the reprocessing of the fuel. E.g. for the production of 
Mixed Oxide fuel (MOX), about 97% of the reusable material in spent fuel is recovered. Only the 
3% remaining highly radioactive or long life waste needs to be stored. In Europe, only France, 
Switzerland, the Netherlands, UK and Germany have chosen to reprocess nuclear waste. 
 
As a last environmental issue, one could mention the needed cooling water. But as the primary and 
secondary circuit are completely separated, no radioactive contamination of the environment should 
be possible. 
 

4.6.5. Miscellanea 
 
Although no serious accidents have occurred since the mid-fifties in the EU, safety remains a major 
issue. Besides the safety in the uranium mines (which have still a measurable impact), and the 
power plant itself (e.g. core meltdown, as discussed above), the risk of nuclear proliferation to 
military ends will continue to be a source of concern. 
 
From an economical point of view, nuclear power is competitive (the more so with the “ever” 
increasing fossil fuel prices) and electricity can be produced at a stable prices over decades, as only 
15-20% of the costs are variable (i.e. linked to the cost of the fuel cycle27). Compared to fossil-fired 
PP’s, NPP’s are less fuel intensive, so producers and consumers face a smaller risk of increased 
costs due to higher fuel prices. On the other hand, the investment costs are much higher, the 

                                                 
27 Note that the price of the raw material U3O8 is only responsible for about a few percent (<5%) of the electricity cost. 
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building process takes much more time and a lot of administrative authorisations are required 
before a NPP can be commissioned.  
 
In the future, nuclear energy could deliver a major contribution to the needed CO2-free electricity 
for hybrid cars or for the electrolysis process for the production of hydrogen. If hydrogen should be 
produced by a thermochemical process, NPP’s could possibly deliver the required high temperature 
heat. A last application of nuclear energy is the desalination of water. The technical potential is 
high, but large-scale development will primarily depend on economic factors. 
 

4.6.5.1. Resources 
 
Approximately 3 to 4 million ton of natural uranium (i.e. approximately sufficient for 50 years at 
current consumption rate) can be mined at current cost. If the additional resources are taken into 
account up to 17 Mt uranium should be present (i.e. sufficient for 200 to 300 years). As the 
resources are geographically spread over the continents and in political stable regions (e.g. Canada 
and Australia), almost no risk of supply disruption exists. Besides that, a feedstock can be made 
easily. This guarantees the security of supply. There is no mining any more in the EU. 
 
Less than 1% of the energetic potential of natural uranium can be used for the fuel in thermal 
reactors, as only the isotope uranium 235 is thermal fissile. For that reason, natural uranium needs 
to be enriched. This can be done by the gaseous diffusion enrichment process (which requires a lot 
of energy and has become less competitive), and by a centrifugation process. The latter one is most 
commonly used. 
 
If fast reactors enter the scene, and breeding takes place, the resources of U-238 and Th-232 lead to 
several thousand years of fuel. 
 

4.6.6. Data comparison 
 
The technology characterisations for nuclear power plants presented here refer to the third reactor 
design generation. The Third Generation NPP includes data for the EPR in the TIMES data series, 
as listed in Table A - 10: a unit size of 1756 MW with 36% net efficiency, an availability factor of 
90% and an assumed technical “life”time of 40 years. Such a design is currently under construction 
in Finland by the Areva-Siemens consortium. WP3 data is similar to EPR data, except for the block 
size, which seems to be for a down-sized plant type, and for an assumed technical “life”time of 60 
years. 60 years is the normal assumed “life”time for nuclear plants in several countries meanwhile, 
so 40 years as assumed in TIMES, is at the low end of the estimates. PRIMES data sources do 
neither specify block size, availability factor nor technical lifetime.  
 
As for the construction cost, TIMES OIC estimate of 1750 €/kW for the year 2005 accords fairly 
well with the estimates quoted by the EPR investor/operator  for the reactor going in operation 
between now and 2010 in Finland, whereas a WP3 cost estimate of 1300 -1800 €/kW for a unit size 
of 900-1450 MW is probably moderately underestimating a part of the expense. TIMES data 
sources foresee a cost reduction of 13% up to 2010 and a further reduction of 16% up to 2020 
arriving at an OIC level of 1335 €/kW. This is in a relation with cost estimates for other generating 
technologies for which a similar cost reduction tendency is assumed, mainly based upon aspirations 
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of lower fabrication cost due to series production. WP3 OIC data do not show an explicit cost 
reduction potential, but assume a cost increase for the high end of the cost range from 1800 €/kW in 
2005 to 1900 €/kW in 2010 and a constant cost level further. 
 
PRIMES OIC and total investment cost estimates differ from both TIMES and WP3 figures: the 
OIC data entry for 2005 for instance, 2100 €/kW, is 20% higher than the TIMES estimate and 62%-
17% above the WP3 cost range. Such enormous differences leave a lot of questions, as for 
definition of the data and data sources. Also, neither construction time nor interest rates are 
specified for PRIMES data sources, leaving open how the data entry for total investment cost was 
arrived at.  
 
Figure 10 illustrates the different estimates for total investment cost and net efficiencies. 
 
For the demolition cost, the following figures are given: 200 €/kW in WP3, 238 €/kW in TIMES 
and 200 €/kW in PRIMES. So, concerning the demolition costs, WP3, PRIMES and TIMES data 
are in reasonable relation with each other. As a rule of thumb, the demolition cost accounts for 
approximately 12 to 15% of the OIC. 
 
Fixed O&M and variable cost of TIMES for the NPP are in good relation with that of other power 
generating technologies. Total O&M cost of TIMES and WP3 are almost identical. PRIMES total 
O&M cost data, however, are about five-fold that of TIMES or WP3 data, which is not self 
explanatory.  
 

 
Figure 10 Third Generation NPP – Total Investment Cost vs. Efficiency, 2005 – 2030 
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4.6.7. Conclusions 
 
Electricity demand and fossil fuel prices have the tendency to increase and emission targets become 
more and more stringent. As nuclear power plants can give an answer on those facts, it can play an 
important role in the future electricity provision. NPP’s can produce electricity at a stable and 
competitive price, and they can guarantee a secured supply, due to the widespread available 
resources. As its characteristics (flexibility, availability, unit size, etc.) are completely different than 
for renewable power production methods, both options do not compete and are not substitutes. 
They should be considered as complementary. 
 
However, if nuclear energy wants to keep on playing an important role in the electricity provision, 
some issues have to be tackled. Besides the needed technological research, reducing the costs and 
the nuclear waste, increasing the efficiency and the safety, enhancing the fuel management, etc., 
and the social acceptance are of major importance28. Without a serene debate, based on technical 
arguments, no consistent policy can be set up. As a results, possible investors have difficulties to 
assess the degree to which current commitments for or against nuclear will be maintained. A key 
role is played by the nuclear waste management. Sustainable storage options need to be further 
developed and demonstrated in order to protect the future generations against long-lived nuclear 
waste. 
 

4.7. Nuclear fusion 
 

4.7.1. Intro 
 
Besides renewables and nuclear fission, nuclear fusion is a possible option for the world’s long 
term energy provision. Fusion has a great potential to become a successful energy source, but 
further R&D is needed. The progress of fusion development has been remarkable; all available 
techno-scientific information shows that steady and significant progress is being made towards a 
successful reactor. The slow (but steady) pace of progress, however, is linked with the need for 
large and expensive experimental devices. In the present context of liberalising energy markets, 
whereby most actors focus on short time survival and profit making, and the indifference by the 
public at large towards science and technology development, it is not obvious to convince the 
decision makers to invest in a long term energy research strategy. Nevertheless, political 
decisiveness is required to keep the time schedule to establish commercial fusion by the second half 
of the century. Given this time frame, one could wonder why this technology is dealt with in a 
project like EUSUSTEL, in which "only" the electricity provision with a horizon of 2030 is 
considered. The main reason is to be complete, in the sense that it concerns a potentially interesting 
technology for which continued R&D support will be necessary to give it a chance to be ready from 
2060 or so onwards. 
 

                                                 
28 Germany and Belgium have decided to phase-out from nuclear energy; Sweden also in principle, and it has shut 
down two units, but the shutting down of the other units is postponed. 
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4.7.2. Description of the technology 
 
Nuclear fusion is based on "combining" or "fusing" hydrogen isotopes, of which the simplest 
reaction is Deuterium (D) + Tritium (T) to produce a neutron and a He-4 nucleus, together with 
17.6 MeV. In the far future, other reactions such as Deuterium + Deuterium might be possible. Two 
routes for making this reaction happen are pursued: magnetic fusion and inertial fusion. As it is not 
the aim to detail the fusion principle and the confinement concepts, more information can be found 
in the literature. 
 
The required fuel for the fusion process is almost inexhaustible (certainly with the D-D fusion in 
the long run) and no harmful substances (e.g. CO2, NOx, and SOx) are emitted during the process. 
In the D-D fusion, there is little fuel radioactivity involved as well. From a safety point of view, 
thanks to the complex nature of the fusion reactor, if one element fails, the reaction comes to a halt, 
without any possibility for a runaway reaction to arise. 
 
For more than 15 years (since 1986), research has been done towards the development of ITER29. 
This is an experimental reactor, based on magnetic fusion. A formal agreement will enter into force 
near the end of 2006, after which construction can start as quickly as possible, in Cadarache, 
France. This reactor will still be an experiment, rather than a routine reactor. It will likely be 
simplified and become more robust over time. 
 
The fusion development faces two major challenges. First of all, the capital cost will have to 
decrease, before fusion reactors will be able to compete in the future with other means of electricity 
generation30. This can be realised by more compact, and thus cheaper, fusion reactors, compared 
with the current 1 to 2 GW concepts. Construction time has to be limited to 6 to 8 years as well. 
Besides that, watertight procedures have to legally guarantee investors that plants will not be shut 
down prematurely, in order to give them the change to regain their investment by producing 
electricity. Perhaps, by the middle of the century, electricity generators will be used to the 
liberalised markets, and perhaps by then, high-capital investments will again be possible. The other 
important challenge will be the reactor’s availability. This has to be over 80% to let the reactor pay 
back itself by producing electricity. 
 

4.7.3. Conclusions 
 
So far, the fusion reactor has known a successful development. Commercial reactors are expected 
by 50 to 60 years from now. To keep a credible time schedule, timely (political) decisions need to 
be taken in order to make required future experiments possible. Even with an unexpected 
breakthrough in fusion physics or technology, it will be very hard to shorten the time horizon for 
routine production. The goal is known, but the magnitude of the experiments constitutes a long time 
scale for actual realisation. 
 

                                                 
29 International Thermonuclear Experimental Reactor; by now, 7 partners are involved: China, EU, India, Japan, 
Russian Federation, South Korea and the USA. 
30  In any case, competitiveness will depend on the prices of the other electricity generation means at that time. 
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4.8. Wind power 
 

4.8.1. Intro 
 
Along with water power, wind energy is one of the oldest forms of mechanised energy. Within the 
last 15 to 20 years, it has known an incredibly fast development on a global scale. This is mainly 
due to the fast improvement of the cost effectiveness in the last 10 years and to the long term 
agreements on feed-in tariffs. The latter ones reflect the need for a development of renewable 
technologies to cope with the GHG effect. 
 
In 2004, European countries dominate the wind power sector with 72% of the total installed 
capacity in the world. The US and India are two other large players. Although in recent years a lot 
of European countries have shown an increased interest in wind energy, Germany, Spain and 
Denmark dominate the European market with more than 80% of the installed capacity. 
 
Wind energy can both be applied in grid-connected and in stand-alone electricity production. 
Another application is the pumping of water. But clearly, grid-connected generation dominates. 
 

4.8.2. Description of current technologies 
 
A wind turbine consists of 3 major components: the rotor, the tower and the foundation. Virtually 
100% of the existing turbines use the horizontal axis concept, but differences exist in the several 
control mechanisms: stall or pitch controlled, variable or fixed speed, with or without gearbox, etc. 
In recent years, 3 major trends could be seen. First of all, the turbines have become larger and 
taller. At the beginning of the 1980’s, 55 kW turbines were very popular, anno 2000, MW-
machines are commonly used. This is to a certain extend linked with the growing interest in 
offshore electricity generation. In 2004, the market share of 1.5 MW turbines was approximately 
40%, the share of 1 to 1.5 MW turbines 30% and of the smaller turbines in the range of 750 to 
1000 kW 23%. A second important trend is the steadily increase of the efficiency. Over the last 15 
years, overall efficiency annually increased by 2 to 3%-pts. Modern wind turbines have an 
efficiency of 45 to 50%. The theoretical maximum of the utilisation of the kinetic energy passing 
through its swept rotor area is 16/27 ≈  59%. This is known as the ‘Betz limit’. A last trend is the 
decreasing investment cost per kW. From 1987 to 2001, the overall investment cost per swept rotor 
area has continuously decreased by approximately 3% per year. 
 
In a number of countries, especially in the north western part of Europe, the interest in offshore 
turbines is increasing and starts to play an important role. On shore sites are limited in number, are 
to a certain extent exposed to opposition from local people and last but not least, produce less 
energy compared to offshore turbines. Although the investment cost for offshore turbines is 
considerably higher (up to a factor of two), the present wind regime is much more favourable for 
electricity production and thus in the end, more favourable for the cost per generated unit of 
power31. Offshore, there is less turbulence and there are higher average wind speeds, which result 
in expected utilisation times of more than 3000 hours per year, up to 4200 hours (i.e. in Danish 

                                                 
31 However, a careful cost analysis has to be made, to define whether the turbines must be placed onshore (in the 
coastal areas) or offshore.  
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Horns Reef). So thanks to the more stable wind conditions, the capacity factor mounts up to almost 
50%. In Europe, coastal positions have an average capacity factor of 25 to 30%, inland terrains in 
Mid and Southern Europe have capacity factors of 20 to 25%. 
 
The two main parameters in wind power economics are the investment costs, which are dominated 
by the cost of the turbine itself as this represents 82% of the total costs, and the electricity 
production rate of the turbine. Choosing the right turbine site with good wind conditions is crucial 
to achieve economic viability, knowing that the power density is proportional to the wind velocity 
cubed. 
 

4.8.3. Future technologies 
 
The main expected trend is the further up-scaling of the turbines. This is especially true for the 
offshore turbines, in order to reduce the higher costs of the foundation and the cabling. Nowadays, 
turbines of 2 to 3 MW are currently sold and 5 MW turbines (with a rotor diameter of 110 to 120m) 
are being tested and will probably be in serial production by next year (i.e. 2007 – 2008). And there 
is still a drive towards larger turbines: no major physical barriers seem to exist against 10 MW 
(rotor diameter of 160m) or 20 MW (diameter 220m) turbines. If the weight of the blades can be 
kept down, by the use of new construction methods or new materials, even higher power output 
must be possible (30 to 40 MW), at least in theory. At that time, transport infrastructure might be a 
barrier. Based on the specific costs of the produced energy (cost per kWh), learning rates of 0.09 to 
0.17 have been estimated, which means that when the total installed capacity is doubled, the costs 
per kWh reduce between 9 and 17%. 
 

4.8.4. Environmental issues 
 
Wind energy plays an important goal in reaching the renewable target. The European Commission 
wants to provide by 2010, 12% of the European Union’s gross inland energy consumption by RES. 
Besides hydro and solar, biomass and wind are a crucial factor in reaching this goal. According to 
the Commission, by 2010, 40000 MW wind power needs to be installed. The European Wind 
Energy Association (EWEA) even talks about 75000 MW. By 2003, 29300 MW was installed, and 
in the last ten years, growth rates of 25% per year have been reached (which corresponds to a 
doubling in capacity in 4 years). 
 

4.8.5. Data comparison 
 
Most wind power generators that have been reviewed are large machines of several MW capacity, 
as exhibited in Table 10. Many of these generators, both onshore and offshore, will naturally be 
installed in a wind farm concept, bundling several units. Planning for offshore plants is to have a 
farm of several hundred turbines, so that the rated capacity is for instance in the range of 200-
500 MW. 
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  WP3 TIMES OECD VGB 

onshore 
2005 0.75-2 1.2 0.030-2   
2030 5 1.5     

offshore 
2005 2     2.3 
2030 20 5   5 

Table 10 Rated Output [MW] of Wind Power Generators 

A very essential condition for wind systems is the average wind velocity at the site, as it has a 
decisive impact on the economics of generation. Estimations of effective full load hours per year, 
for which high average wind speeds are required, range from 1400 h (PRIMES onshore) to 2000-
2500 h (WP3 onshore) and up to 3300 h (OECD onshore). TIMES’ estimate of 2200 h is typical for 
German onshore conditions. Offshore conditions exhibit much higher average wind speeds and 
consequently higher average full load hours: the expected range is 2500-4400 h (which could be 
reduced by maintenance etc.). 
 
The technical lifetime estimates of wind generators are 15-20 years, with WP3/TIMES marking the 
high end and PRIMES marking the low end of the range. There is no difference in the estimates for 
onshore and offshore applications. Commercial scale wind generation started about 15 years ago, 
and there is a lot of experience with the equipment and material. During that time wind generators 
became more powerful, increasing from a few kW to 2 or more MW. The new generation of 5 MW 
machines is in the demonstration phase for onshore applications. Offshore installations of wind 
farms in deep sea water require further planning, engineering and material research. Experiences in 
deep sea water, e.g. 30 m or even deeper, as now planned for the German wind farm offshore of 
Borkum, remains32. Some offshore experiences exist from marine installations in shallow water in 
Denmark. It has to be seen if a lifetime of 20 years will be reached. In any case, lifetimes of 15 
years or even 20 years require appropriate maintenance and repair services.  
 
Investment cost estimates are not only completely different between onshore and offshore plants, 
but they vary largely between the reviewed sources, as illustrated in Figure 12 and Figure 13. 
However, all sources accord to a significant cost reduction potential in time, which is for instance 
20% (TIMES onshore) and 31% (WP3 offshore). Alone VGB’s estimate for offshore generation 
goes in the opposite direction assuming a cost increase of approximately 12% between 2005 and 
2030. VGB assumes such a cost increase due to greater distances from shore and deeper water in 
the long run, i.e. 10 m water depth in 10 km distance by 2005 and 30 m water depth in 30 km 
distance by 2030.  
 
O&M cost are around 14-18 €/MWh (PRIMES, TIMES) for onshore and around 20 €/MWh 
(TIMES) for offshore installations. WP3 estimates are much lower: 9 €/MWh in 2005 decreasing to 
7 €/MWh in 2030 for onshore, and 10-15 €/MWh in 2005 decreasing to 6-10 €/MWh in 2030 for 
offshore generation. These estimates are on the low side, considering other experiences pertaining 

                                                 
32 Beatrice – Wind Farm Demonstration Project: 25 km off the east coast of Scotland; 5 MW turbine at a water depth of 
40m: http://www.beatricewind.co.uk/home/default.asp  



 
EUSUSTEL – Final Technical Report 

68

to Germany for instance, where annual expenses for repairs and maintenance of onshore plants are 
estimated 7.3% of the investment cost equalling 42 €/MWh. Estimations for offshore plants are: 
9.5%, or 57 €/MWh. 
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Figure 11: Total Investment Cost of Onshore Wind Power Generators 
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Figure 12: Total Investment Cost of Offshore Wind Power Generators 

4.8.6. Conclusions 
 
Wind-driven electricity generation knows a steep rise in Europe. This is largely driven by the fight 
against GHG emissions. The technology evolves continuously towards higher efficiencies and 
larger power output, and the installed capacity is ever increasing. As the wind conditions are of 
primordial importance for the economic viability of a wind turbine, offshore sites have a large 
potential. 
 

4.9. Photovoltaic Energy 
 

4.9.1. Intro 
 
Photovoltaic cells (PV) can convert sunlight into electricity. Although sunlight is widely available 
and free of cost, its major drawbacks are its intermittency and its low power density. In the past few 
years, the photovoltaic energy market has known a remarkable growth – with average annual 
growth rates of more than 30% – due to a big R&D effort and a lot of market stimulation 
programmes. The three largest market players are Japan, the US and Europe (in decreasing 
number). 
 

4.9.2. Description of current technologies 
 
Photovoltaic systems or modules consist of several semiconductor devices which convert sunlight 
into electricity. As the design is modular, power output ranges from some milliwatts to several 
megawatts. The technology is quite reliable, but the encapsulation of the module – to protect the 
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electrically active parts – is the critical part. The high investment cost prevents PV to break through 
commercially. Even more, at present, operation & maintenance cost can reach as well 1% of capital 
investment per year. PV-units with a large power output are seldomly cost effective; the 
competitiveness of small-scale units is improving. 
 
Crystalline silicon PV cells are the most commonly used types at the moment. In 2003, they 
covered a market share of 94%. The cell conversion efficiencies amount up to 17% and at 
laboratory scale even to 25%. The module efficiencies are in the typical range of 10 to 15%. The 
total system costs are 3 to 8 €/W. During the production process, a lot of energy and material is 
required. The latter one is of importance as the suitable silicon feedstock may become a limiting 
factor in the future. 
 
A second technology is the thin film PV cell. As this cell only uses a micrometer thick layer of 
photosensitive material (which is placed on a low cost substrate like glass, plastic or stainless steel), 
it consumes far less material than the crystalline silicon PV’s. This gives a great potential for cost 
reductions on the long term. Nowadays, the total system costs are 2 to 7 €/W. The major drawbacks 
are the lower cell efficiencies (10% on a commercial level, 20% at a laboratory scale; 5 – 10% is a 
typical range for the module efficiency) and a lack of experience in lifetime performance. However, 
it is expected that before 2030 thin film technology will pass crystalline silicon PV’s in market 
share. 
 

4.9.3. Future technologies 
 
Future PV technology development will have to focus on two major topics. Firstly, attention has to 
be paid on the cost reduction, by using less material, less energy and less labour during the 
construction process. Based on existing learning curves, system costs would decrease by 20% for 
every doubling in capacity. With the current growth rates, this would result in a halving of the costs 
by 2015. Building integrated PV’s show already a clear trend for cost reductions. 
 
A second pillar is the efficiency increase. Current technologies are still far apart from the 
thermodynamic limit of sunlight conversion (i.e. 87%). Nowadays, multi junction, third generation 
PV cells have efficiencies of above 35%. But although they are used in space applications, they are 
too expensive for terrestrial use. In order to reach high efficiencies, third generation PV’s will focus 
on the heat losses and the structural properties of the semiconductors. 
 
Organic PV cells are a potential future technology. As they are based on materials as dyes and 
polymers, instead of expensive semiconductor materials, the can be manufactured inexpensively. 
Drawbacks are its low efficiency (less than 3%) and some stability issues. 
 

4.9.4. Environmental issues 
 
Although PV cells do not produce hazardous emission while producing electricity, this is not an 
emission free energy source as the manufacturing process requires large amounts of energy. As a 
result of this, the indirect emissions of PV cells amount up to approximately 60 to 100 gCO2-
eq/kWhel. Besides that, scarce and toxic substances are made use of in the production of the 
modules.  



 
EUSUSTEL – Final Technical Report 

71

 
4.9.5. Data comparison 

 
Photovoltaic electricity generation is heavily dependent on the global radiation, which itself is not a 
constant. Due to the earth’s global shape the energy irradiated from the sky onto the earth’s surface 
at a specific site is determined by its position towards the sun. For Germany, as an example, the 
long-term average global radiation is 1,000 [kWh/m2]/a with an average natural deviation of 
±50 [kWh/m2]/a, i.e. the range is 950-1,050 [kWh/m2]/a. The global radiation is lower for Northern 
European countries and higher for Southern European countries33. 
 
Solar energy irradiated onto a photovoltaic cell’s surface is converted into DC (direct current) 
electricity with an efficiency that is technology specific. The maximum cell efficiency is e.g. 17% 
for mono-crystalline silicon, 15% for poly-crystalline silicon, 7% for amorphous silicon, 13% for 
copper-indium-selenide and 9% for cadmium-telluride. As for cell efficiency it is essential for the 
technology characterisations to apply the average since the maximum quoted in literature cannot be 
reached in practice. In addition to the cell efficiency other losses occurring from transformation of 
DC into AC (alternating current) have to be accounted for in the system’s efficiency.  
 
A standard performance figure used for characterising a photovoltaic generator is the specific 
annual energy yield per installed peak capacity, expressed in [kWhAC/kWp]/a; and is expressed in 
hours. 
 
Table 11 exhibits the technical data of the reviewed characterisations of photovoltaic electricity 
generators for the year 2005. 
 

source power 
output 

system 
efficiency 

specific annual 
energy yield 

(depending on 
the location!) 

technical 
life time 

  [kW] [%] [kWhAC/kWp]/a [a] 
WP3 >0,1 10-14 1,300 40 

TIMES 5 13 876 25 
TIMES 500 13 876 25 

PRIMES     1.226 15 
OECD 2-5,000   788-2,102 20-40 

Table 11 Technical Data of PV Generators for 2005 

There is a large variety in terms of power output and specific annual energy yield among the 
reviewed systems: WP3 data refers to small scale installations of > 0,1 kW and 
1,300 [kWhAC/kWp]/a, which is typically for roof PV applications in Southern European sites; 
TIMES shows data for two PV types, small (5 kW) and large scale installations (500 kW) which 
are, with a specific annual energy yield of 876 [kWhAC/kWp]/a, representative for sites in Germany; 
PRIMES does not list a power category and efficiency, but includes a specific annual energy yield 
of 1,226 [kWhAC/kWp]/a, which again is representative for Southern European sites; OECD data 

                                                 
33 E.g.: Belgium (~ 800 – 900 h/a) – Southern Europe (up to  ~ 1800 h/a) – Sahara (~ 2500 h/a) 
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exhibits a large range referring to small and large scale PV applications in Northern and Southern 
European sites. 
 
TIMES sources estimate a moderate increase in the system efficiency of PV generators of 0.8-1.3% 
up to 2010; WP3 estimates a substantial efficiency increase of 5-10% up to 2020.  
 
Estimates for the technical lifetime of PV generators range from 15 to 40 years in 2005 and up to 
60 years in 2030. The data entry of 40 or even 60 years seem to underestimate the degradation 
effects in the cell’s system due to aging, gradually bringing down annual energy yields of PV 
generators and thus limiting their life. An estimate of 15-25 years is more realistic and backed by 
practical experiences from installations in the past. 
 
As for investment cost of PV generators all reviewed sources estimate a dramatic decrease, between 
2005 and 2030, as Figure 13 illustrates. Some sources estimate a reduction of present investment 
costs of more than three quarters (WP3), others estimate a reduction of more or less one half 
(TIMES, PRIMES). The cost reduction is taking place between now and 2010 and continuing 
thereafter in all reviewed sources. The cost reduction pace however is very different, as  Figure 14 
highlights: WP3 estimates the largest percentage investment cost reduction for 2020 and 2030, 
whereas TIMES projects the highest percentage cost drop for 2010 already with lower percentage 
reductions thereafter and PRIMES estimates an almost constant rate of cost decrease up to 2030. 
Aside from the time related cost reduction trend is an output related cost effect: larger installations 
cost 10-20% less than smaller, as indicated both by TIMES and PRIMES. From the figures, it can 
be seen that the PRIMES data are rather optimistic. 
 
There is a large range in the estimates for O&M cost: 28-107 €/MWh, equalling 1.0-1.7% annually 
of the total investment cost in 2005. The difference is not surprising, considering the estimates for 
investment costs in the reviewed sources. Some sources maintain the 2005 level for O&M cost 
constant up to 2030, whereas WP3 estimates a portion of 1% of the investment cost to be spent 
annually for O&M cost up to 2030.  
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Figure 13: Total Investment Cost of PV Generators 
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Figure 14 Total Investment Cost Decrease over time of PV Generators 
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4.9.6. Conclusions 
 
The price is one of the major obstacles in the commercial breakthrough of PV cells. An improved 
competitiveness and the development of more efficient manufacturing processes and conversion 
devices are a necessary constraint to tackle this problem. Besides that, without financial incentives, 
a process of self-sustained growth cannot start. So both political decisions and technological 
development are required for a further successful development of the PV-technology. 
 

4.10. Biomass Applications 
 

4.10.1. Intro 
 
Biomass is known as one of the oldest heating sources, but more and more, it was made redundant 
by higher energy-density fossil fuels. However, in recent years, the interest in biomass has been 
renewed by the stringent GHG reduction targets, the new biomass conversion technologies and the 
ever increasing fossil fuel prices (in combination with their price volatility). Bioelectricity 
production is slowly expanding. In 2002, in the EU-25, 1.4% of the total electricity consumption 
was produced by biomass. As bioelectricity is based on a fuel, its key advantage is that its output is 
available on demand, i.e. readily dispatchable. 
 
Electricity generation, based on biomass is considered as renewable because the CO2, produced 
during the electricity generation, is sequestered when the biomass crop (or other source of biomass) 
grows. 
 
Biomass embraces all non-fossil biological materials, which are the direct or indirect product of 
photosynthesis. It occurs all over the world and it is available in a very wide variety of plants and 
plant-derived materials. Before biomass can be converted into bioelectricity, a whole production 
chain – from the cultivation, to the collection, the transport, the pre-treatment and the storage – has 
to be run through. From this pre-electricity-generation process, a lot of logistical and cost 
components arise. 
 

4.10.2. Description of current technologies 
 
The energy density of biomass is less than that of fossil fuels, and biomass is available in less 
convenient forms. Due to the high transport costs and the dispersed feedstock, there is a limited 
availability of the economic feedstock. As a result, this limits the scale of the biomass plants, and as 
a general trend, smaller plants have lower efficiencies (approx. 25 to 30%) and higher unit costs.  
 
There exist number of biomass conversion methods, but they can generally be classified in three 
main routes: thermo-chemical, physico-chemical and biological. The most important ones will be 
discussed briefly hereunder. 
 
A first group of methods are the direct combustion methods. In those units, steam is generated in 
boilers by burning suitably prepared biomass, after which the steam passes through a Rankine-
cycle. Direct combustion methods are commercially widely available in units of less than 
100 MWe. A first method is the fixed bed, where fuel is burned and transported in a layer on a 
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transport band in the boiler. The investment costs are relatively low, but when the design is given, 
the fuel flexibility is rather low. A second method, which is very flexible towards different fuel 
types, is the fluidised bed method. Here, fuel burns in a constantly mixing suspension of hot, inert 
granular bed material, into which combustion air enters from below. The combustion characteristics 
are superior, but the investment and operation costs are high. This method is preferred for larger 
systems (> 10 MWe). A third direct combustion method is dust combustion, in which fuel in the 
form of small particles is burned while being in suspension. 
 
With gasification, biomass is not directly burned, but firstly, it is converted by partial oxidation at 
an elevated temperature, into a gaseous fuel. The product gas has a heating value of 1/10 to a half 
of the heating value of natural gas. The resulting biogas can be used as fuel in burners, gas engines 
and gas turbines (e.g. aero derivative turbines with high efficiencies). As the unit cost at this modest 
scale is rather low, biogas is ideal for small scale decentralised bioelectricity production with gas 
engines. Recent developments focus on the combination of gasification units and combined cycles. 
Although those systems are more complex and costly, the BIGCC (Biomass Integrated Gasification 
Combined Cycle) is a promising technology as efficiencies can be reach up to 50% (already now in 
demonstration phase). 
 
Another conversion method is anaerobic digestion. Solid or liquid biomass is converted into a gas, 
in the absence of oxygen. The product gas is a mixture of methane (60 to 70%) and CO2 (30 to 
40%) and some small proportions of other gases. The lower heating value of the resulting gas 
ranges from 18 to 29MJ/m³ and can be burnt in internal combustion engines of 10 kWe to several 
MWe, very often in combination with heat recovery for CHP applications. Anaerobic digestion is 
driven by waste management and is very effective for treating high moisture content organic waste; 
the valuable by-product is biogas. 
 
Besides the small-scale 100% biomass-fired plants, biomass is very often mixed with fossil fuels 
(e.g. coal) to be burnt in large-scale fossil fuel plants. By this, the conversion rate can be increased 
thanks to the higher efficiency of the larger fossil-fired units. This option is known as co-firing. 
Although co-firing rates are technically feasible up to approximately 40%, commercial projects 
limit the co-firing rate mostly at 3 to 5%, as with these small percentages, no technical changes 
have to be made to the existing combustion chamber. Different options exist, comparable with the 
different conversion methods as discussed here: direct co-firing of the biomass in the fossil-fired 
furnace, indirect co-firing (i.e. separate gasification process, gas fed to fossil burner) and parallel 
co-firing (i.e. combustion in separate boiler, steam or flue gasses to fossil burner). 
 

4.10.3. Future technologies 
 
Biomass pyrolysis is the thermal decomposition of biomass in the absence of oxygen. The products 
of the pyrolysis reaction are solid char, bio-oil (i.e. pyrolysis oil) and a mixture of combustible 
gases. The proportion, in which the 3 components occur, depends on the process temperature and 
the residence time. The fast pyrolysis process is subject of a lot of research interest in recent years, 
as in this option, the bio-oil production is maximised. Oil has the advantage of a higher energy 
density than solid biomass and an increased convenience, which decreases the cost of transport and 
storage. As a consequence, the fuel preparation and the power generation can be separated, which 
makes an economic optimisation of both processes possible. 
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4.10.4. Environmental issues 
 
Biomass knows an almost carbon-neutral production cycle. The CO2 emitted during conversion is 
matched by sequestration during biomass growth. The net emissions of bioelectricity generation 
result from fossil fuels used in the production chain (e.g. cultivation, harvesting, transport, etc.). As 
the sulphur levels in biomass are low, less SOx is emitted. The NOx-emissions, which are related to 
the direct combustion, can be reduced effectively by existing methods, which are commonly used 
in fossil fuel combustion processes. As a more extern impact, biomass cultivation has also an 
influence on the land use and the use of water and fertilisers. However, when fossil fuel based 
electricity is being replaced (partially) by bioelectricity, a significant reduction in GHG can be 
realised. 
 

4.10.5. Conclusions 
 
Due to the dispersed nature and the low energy density of the biomass feedstock, bioelectricity 
generation plants mostly have a small power output, which makes a technical and economic 
optimisation very difficult. As a result, most small-scale biomass units are not economically 
competitive with large-scale fossil-fired electricity generation plants, without economic support. 
Taxes or other incentives are necessary to fund further research and to increase the competitiveness. 
However, to combine the beneficial environmental properties of biomass with the high efficiencies 
of fossil-fired plants, co-combustion units are an interesting alternative. 
 

4.11. Hydro power 
 

4.11.1. Intro 
 
Hydro power is one of the oldest methods for the production of mechanical power. In the second 
half of the 19th century, after the invention of the water turbine, electricity production was possible 
as well. The interest in hydro power has always been linked to fossil fuels. When fossil fuels 
became more popular, interest in hydro power decreased, but as in the 1970’s, oil prices peaked, 
hydro power revived. Today again, hydro power knows a renewed interest as it is an emission free 
method of electricity generation. Water is the only RES source that contributes substantially to the 
world electric power supply, with approximately 19% of the global power supply. Other advantages 
of large hydro power stations are that they can protect regions against flooding by water control and 
that the large water reservoirs can serve for energy storage and agricultural and domestic use. 
 

4.11.2. Description of current technologies 
 
Hydro power stations transform the potential/kinetic energy of water into electricity as a continuous 
flow of water passes through a turbine. The existing technology is proven and well advanced and 
the mechanical design is relatively simple, as a result of which there are few unscheduled 
breakdowns. Although there are a major investment cost, a long construction time and a high 
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taxation, hydro power is economically very competitive and has not to rely on subsidies, due to the 
combination of the absence of fuel costs, low operational costs and long lifetimes34. 
 
Hydro power units exist in the range from a few kW’s up to 800 MW. If more power output is 
requested, more units can be placed in parallel. The distinction between large- and small-scale units 
is defined by the European Commission at 10 MW. Large-scale installations are most of the time 
reservoirs installations, with the storage of large amounts of water behind a dam of sites where 
rivers haves variable flows. Run-of-river installations are mostly of a smaller scale and are ideal for 
rivers with a stable flow throughout the year. Generally, it is easier to retrieve the required permits 
for small plants than for large plants. Besides that, there are more suppliers for small water turbines 
than for large ones. 
 
From a technical and operational point of view, hydro power stations have a high efficiency, well 
above 80% and up to 95%, which is nearly flat for a wide range of flows. With their very short 
starting times (there is no such thing as a cold start), the power output can vary between zero and 
rated power in only minutes. Some limitations in control are depending on the surrounding 
waterways. Thanks to their fast response, hydro stations are very good for power control services 
(e.g. frequency stabilisation and balancing), but they can just as much serve for base load. Pumping 
stations, which are net consumers of electricity, but which are very important for the grid stability, 
are the only method to store large amounts of energy and can deliver electricity on demand. 
Although hydro power units could have a utilisation factor of 80%, in practice, it is very often less, 
due to their role in the power control activities of the electricity generation park. 
 

4.11.3. Future technologies 
 
Hydro power technology is mature and the currently reached efficiencies are already high. Small 
ameliorations could be made on the hydraulic losses, the electrical system and the turbine 
efficiency itself. However, the major challenge is the refurbishment of out-dated plants. All over 
Europe, a lot of small plants are out of service, due to lack of maintenance, even though they 
require only a little investment for an update. 
 
Currently, several types of emerging technologies are being tested to extract energy from freely 
floating water, like currents and tides. Those systems are wind power like installations under water, 
but are still in a stage of development and commercial breakthrough is rather speculative. Besides 
this, these options do not have the possibility to store energy. 
 

4.11.4. Environmental issues 
 
Water is a free, non-polluting fuel, which is domestically supplied and widely spread. Although 
hydro power does not pollute (i.e. no waste or emissions are caused by the electricity generation), it 
has an environmental impact. Structures need to be built and make use of large amounts of 
materials. Besides that, the installations have an effect on the migration pattern of the fishes and 
change the river flow (e.g. river delta). The footprint of the power plant is large and the possibility 

                                                 
34 This depends on the scale of the hydro power plant. Micro-hydro plants is very expensive and does need financial 
support. 
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of a dam rupture is present. Another effect is related to the submerged area, as the submerged 
material degrades and emits mainly methane. Although the exact emissions are still under 
discussion, emissions could be reduced by deforestation and clearing of the area before submerging 
it. 
 

4.11.5. Data comparison 
 
Hydropower, one of the most traditional forms of electricity generation, is marked by a large 
variety of applications. Generally two hydropower categories are differentiated according to the 
technical principle for using the mechanical energy of flowing water to drive turbines: run-of-river 
(RoR) plants use the flowing energy of rivers in Kaplan or Francis turbines, and dam-with-reservoir 
plants use the potential energy of the stored water to drive Pelton or Francis turbines. There is 
another differentiation in terms of power output. Both, small and medium scale applications are 
associated with run-of-river plants: the rated power of RoR plants range from a few kW to several 
MW depending on flow volume and velocity of the river. Quite frequently very small RoR 
applications of a few kW only are installed for local electricity generation, while generators of 
several MW output are connected with the national grid. Reservoir hydropower plants generally 
have large scale generation units. Typical plants have, at least under the conditions prevailing in 
Europe, an output of several to hundred or more MW.   
 
Hydropower plants are generally very site-specific systems. Table 12 indicates the rated power 
output of the various hydropower generators reviewed in the EUSUSTEL context. Typical systems 
are listed by WP3, TIMES, PRIMES and OECD; PRIMES sources do not specify any output. 
 

 

WP3 TIMES OECD 

Run-of-River 
0,2-1 

< 10 
1-50 

0,7-14 

Reservoir-Dam 

100-800 100 120 

Table 12 Rated Output [MW] of Hydropower Generators 

 
The net efficiency, assumed to be 90% (WP3) and 93% (TIMES), are realistic estimates for 
conditions of modern and well maintained equipment, as installed in European countries. 
 
As for availability factors, a very large range of estimates is listed in the reviewed technology 
characterisations, including 0.25-0.50 (OECD) to 0.57-0.80 (WP3) for RoR and 0.17 (PRIMES) to 
0.80-0.91 (WP3) for reservoir systems. The large differences are not surprising, as full load 
operational hours depend entirely on the hydrology of the site considered in the data source. A site 
in Northern Europe, with high levels of precipitation, is therefore very different from another site in 
the Mediterranean, where dry weather conditions are prevailing for much of a year. 
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Another large difference among the reviewed data sources relates to the technical lifetime: WP3 
estimates 40 years for RoR and more than 50 years for reservoir systems, while TIMES lists 70-80 
and PRIMES 45-60. Such estimates are again site specific, depending very much on the operational 
hours and the maintenance or repair services of the plant. 
 
Due to the site specific elements in the characterisations of the hydropower technologies investment 
costs differ significantly among the reviewed data sources, as Figure 15 and Figure 16 illustrate. 
For RoR plants WP3 estimates 977-1519 €/kW, PRIMES 1540 €/kW and OECD 1328-6639 €/kW, 
while TIMES lists a range of 3798-5968 €/kW depending on unit categories of 1-50 MW and 0.2-1 
MW. For reservoir plants estimates are in WP3 2056-2791 €/kW for a range of 10-800 MW and in 
TIMES 5141 €/kW for 100 MW. From the figures, it can be seen clearly that the TIMES data are 
rather pessimistic. 
 
Because of the large variety of plants and its site specifics it is proposed to include investment cost 
ranges in the reference technology characterisation for a range of generating capacities. In addition, 
for application in EUSUSTEL, country specific estimates of the hydropower potential have to be 
made. For several European countries, the technical and economic potential has been more or less 
exploited, e.g. this is the case for Germany, where no additional reservoir system is feasible today 
and RoR plants have been installed in the large rivers exploiting the hydropower potential of these 
rivers completely. The remaining exploitable hydropower potential is restricted to small scale RoR 
plants in a few minor rivers. 
 

2005

2005

2005

2005

2005
2005

2005

2030

2030

2030

2030

2030

0

1000

2000

3000

4000

5000

6000

7000

WP3 min < 10 MW WP3 max < 10 MW TIMES 0,2-1 MW TIMES 1-50 MW PRIMES OECD OECD

To
ta

l i
nv

es
tm

en
t c

os
t [

€/
kW

]

 
Figure 15: Total Investment Cost of Run-of-River Hydropower Plants 
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Figure 16: Total Investment Cost of Reservoir Hydropower Plants 

 
4.11.6. Conclusions 

 
Hydro power is a mature technology of which the European potential for large-scale power plants is 
reasonably well developed. Little advances can be expected as the conversion efficiency of kinetic 
energy to electricity is already now very high. However, there are possibilities to expand the 
capacity of small-scale installations (especially in the Eastern European countries). Besides new 
units, an overhaul and renovation of out-dated units is of major importance as nearly 70% of the 
installations are more than 40 years old. Although the environmental impact of small-scale hydro 
power units is rather small, social acceptance is not evident, even though the installations can 
provide local opportunities for employment. Before the decision is taken to install small-scale 
hydro units, as they are appraised as environmentally friendly, it needs to be carefully analysed 
whether their power contribution is substantial. The reduced environmental impact of a lot of small 
power units needs to be compared with the environmental consequences of 1 large power plant, as 
well as an economic comparison needs to be made. 
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4.12. Geothermal conversion 
 

4.12.1. Intro 
 
Today, geothermal energy is the third largest renewable energy source, after biomass and hydro 
power. It originates from the earth’s molten interior and from the decay of radioactive materials. 
Not all the heat can be transformed into electricity, as mostly, the heat is much dispersed, but 
anyhow, geothermal energy is an interesting and possible contributor to the world’s energy 
demand. In the EU, only 5 countries make use of it, of which Italy the most of all (790 MW in 
2003). Although geothermal energy is considered as renewable, strictly speaking, it is not, as 
locally, the extraction of the heat exceeds the replenishment rate. But if the heat reservoir is 
managed well, geothermal energy is certainly a sustainable form of energy. 
 

4.12.2. Description of current technologies 
 
Currently, there exist 4 types of geothermal units, of which only the first one is being used today, as 
it is the simplest and cheapest to exploit. In the natural hydrothermal systems, hot water is 
produced spontaneously. Although no two geothermal sites are exactly alike, there are two types of 
hydrothermal units. The first one is the conventional steam turbine, which uses steam or hot 
pressurised water (with a minimum required temperature of about 160°C) to drive a turbine. If the 
heat reservoir is vapour dominated, dry steam from the well drives the turbine. If the reservoir is 
liquid dominated, steam is formed by flashing the liquid (i.e. a reduction of the pressure). Two, and 
even three, flashing stages can occur, to reach a higher power output for the same geothermal input, 
but those systems are more complex and expensive. In the binary cycle plants, the working fluid, 
which drives the turbine, has a lower boiling temperature than water, and is heated in a heat 
exchanger by geothermal fluid from moderate temperature reservoirs (approximately 85°C). 
Compared to the flash systems, the working fluid requires external cooling and can cause damage 
in case of a leakage, but on the other hand, all of the geothermal fluid that is brought up, is used. In 
flash plants, only 1/3 of the fluid is converted into steam. 
 
A second type of geothermal unit is the hot dry rock installation (HDR). Here, cold water is fed to 
hot rock by an injection well. By passing through the rock, it is heated, and it exits the rock by the 
production well. It is clear that a sufficient permeability of the rock is required to close the loop. If 
necessary, this permeability can be artificially created by injection of highly pressurised water. 
 
Magma bodies, at temperatures greater than 650°C and at depths of around 7 km, are a third 
method for geothermal energy production. Although drilling to 7 km depth is technically possible 
today, the techniques and the materials cannot cope with the extreme pressure and temperature 
conditions. Further development is required to make use of the huge potential of the magma bodies. 
 
The geopressured systems are a last type of geothermal units. Geopressured reservoirs occur at 4 to 
6 km depth and can provide energy in three forms: thermal (i.e. hot water up to 180°C); hydraulic 
energy in the form of pressurised water (up to 600 bar) and chemical as geofluid, saturated with 
methane gas. 
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Geothermal energy is independent of the climatic conditions, so it is a reliable and predictable 
energy source. With an availability of 90%, the geothermal units are ideal to operate in base load, 
and as they are easily to regulate, likewise they can serve in peak load. Thanks to the modular 
design, several units with a rather small rated power output can be combined on site. However, 
geothermal energy has some drawbacks too. The major problem is that it is hard to predict the 
potential of a given site and that it requires an expensive examination to determine the properties of 
the rock (permeability, hardness, prediction of the abundance of water). As a result, the initial 
investment costs are high. Besides that, the most interesting sites for geothermal energy units can 
be found in geologically unstable areas (near the boundaries of tectonic plates), which induces an 
enhanced safety risk. 
 

4.12.3. Future technologies 
 
Of the abovementioned technologies, only the natural hydrothermal units are in operation. This 
illustrates that the geothermal technologies are all immature. Cost reductions and further 
technology improvements needs to be worked out. In France (Soultz-sous-Forêts) a research project 
on a HDR installation is going on and should be finalised by 2008. 
 
Total flow systems are under development. In these systems, it is the aim to use the total resource, 
namely the steam, the hot water and the pressure, in order to reduce the energy losses associated 
with the current technologies. No total flow device has yet achieved commercial status. 
 

4.12.4. Environmental issues 
 
Geothermal units operation is almost free from emissions and waste. The steam from the 
geothermal fields can cause some gaseous emissions. E.g., CO2 is present in the reservoir, and 
could be emitted by the geothermal exploitation. However, this could happen even without the 
geothermal exploitation. Other environmental impacts depend on the chosen technologies: closed 
or open loop, usage of underground water or artificial addition of water, etc. 
 

4.12.5. Conclusions 
 
Geothermal energy is an interesting technology for base load electricity production in the future. 
Worldwide, every year, the capacity grows. By 2010, the installed capacity in the EU is expected to 
reach 1 GW. However, three factors –which are important for the breakthrough of all renewable 
technologies – are of major importance for the further development of geothermal energy 
provision. The first one is the price of the competing fuels, especially oil, coal and gas. The second 
one is related to the internalisation of the external costs, to give the technologies the advantage of 
their sustainable character. And the last one is the rate of the future development. Costs have to be 
reduced and more specific geothermal research is needed. The main component in the large 
investment costs are related to the high costs and risks of the exploration of the new sites. The 
drilling and identification of the reservoirs represent a 50% share of the costs; 40% is needed for 
the construction of the power plant itself, and only 10% are operational costs. 
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4.13. Fuel cells 
 

4.13.1. Intro 
 
The basic idea behind fuel cells (FC) is reversed electrolysis: electricity is produced by combining 
hydrogen and oxygen to form water. There exist several types and technologies of fuel cells, which 
can serve for several small-scale to large-scale applications (e.g. battery replacement, domestic 
power, large-scale power, transport, etc.). As heat is a by-product as well, fuel cells are perfectly 
suitable for CHP applications. Although the technology looks very promising, most of the 
technologies, as described below, are still pre-commercial. 
 

4.13.2. Description of current/future technologies 
 
The basic concept of all types of FCs is an electrochemical reaction of a fuel and oxygen to produce 
water, direct current electricity and heat. A fuel cell system consist of several stacks, which in turn 
contains several cells. In a cell, fuel is fed to the anode and an oxygen-rich mixture is fed to the 
cathode. Ions migrate through the electrolyte to form water, and electrons flow through an external 
circuit, creating an electrical current. As in a FC no thermodynamic process occurs (like in a 
conventional heat engine), a FC is not limited by the Carnot efficiency, but the processes taking 
place are nevertheless subject to the second law of thermodynamics (leading to exergy losses due to 
irreversibilities).  
 
There are several methods possible to classify the several types of FCs. Hereunder, the 6 primary 
types are classified, based on their temperature of operation. Other possibilities are the type of 
electrolyte used or the geometry of the construction. 
 
There are 3 types of high temperature FCs. The first one, the Solide Oxide Fuel Cell (SOFC), 
operates at temperatures from 650 to 1000°C. As the name suggests, it makes use of a solid 
electrolyte. Due to its high operating temperatures, SOFCs can be used for a broad range of CHP 
applications, and in combination with a micro turbine, electrical efficiencies up to 70% could be 
reached in principle. The second type, Phosphoric Acid Fuel Cells (PAFC), have an operating 
temperature of approximately 200°C and make use of a liquid electrolyte. They are sensitive to CO 
and sulphur poisoning. Although PAFCs have successfully been integrated in busses, they are not 
ideal for transport. Historically, it has been the most successful FC, with several worldwide 
installed stationary CHP plants (200 kWe, 220 kWth). But as future cost reductions seem hard to 
realise, manufactures are focusing on the extending of the lifetime instead. A third type of high 
temperature FCs are the Molten Carbonate Fuel Cells (MCFC), which operate at approximately 
650°C. MCFCs make use of a liquid electrolyte, and are technologically well developed, with 
installations commercially available from 250 kWe up to some MWe. MCFCs focus on the same 
market segment as SOFCs and are often referred to as second generation FCs, compared with the 
first generation PAFCs.  
High temperature FCs can make use of lower cost electrolytes and are fuel flexible because the 
high temperatures allow internal reforming (e.g., of CH4 into H2). Because of the high temperature, 
more useful heat is produced, which makes the coupling with a steam turbine possible. Although 
the electrolytes have a lower cost, the capital costs remain very high, among others by the required 
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exotic plant materials. Other disadvantages are the slow dynamic response and the long start-up 
times. Few high temperature FC’s are commercially available. 
 
Among the low temperature FCs, 3 types can be found as well. The first one is the Proton 
Exchange (or Polymer Electrolyte) Membrane Fuel Cell (PEMFC). Its working temperature is 60 
to 80°C and it makes use of a solid electrolyte, which makes a compact construction possible. 
PEMFCs are sensitive to CO poisoning. Due to the high power density, they are appropriate for 
battery replacement and transport, but they look promising for domestic heat and power production 
as well. Natural gas seems to be most obvious as fuel, but for this, affordable and high-performance 
reformers need to be developed. A second type is the Direct Methanol Fuel Cell (DMFC), which is 
closely related to the PEMFC. Its operation temperature is in the range of 80 to 130°C, and it offers 
the possibility to use methanol directly as a fuel, instead of hydrogen. This is an advantage as 
methanol requires a 6 times smaller storage capacity for the same energy amount, methanol is 
liquid at atmospheric pressure and as no hydrogen infrastructure need to be constructed. Although 
its excessive use of expensive materials, the estimated potential for small-scale appliances of 
DMFCs is large. Alkaline Fuel Cells (AKF) are a last common type of low temperature fuel cells, 
which operate at approximately 70°C and which makes use of a liquid electrolyte. It uses hydrogen 
as a fuel, and is sensitive to CO and CO2 poisoning. 
 
Compared to the high temperature FCs, low temperature FCs use high cost, precious metals as 
electrolytes and require pure hydrogen and methanol as a fuel. The heat is of a lower quality, as the 
temperature is lower, but they can start up more quickly and have a quicker dynamic response. 
Some FCs of these types are commercially available, but again, at a very high cost. 
 
All FC’s have a high part load efficiency over a wide operating range and are reliable, thanks to the 
lack of moving parts. By changing the number of cells or stacks, the power output can be changed 
easily thanks to the modular construction. Further research has to be done on the degradation 
process (i.e. the reduction of the voltage output – and thus the power output – in relation to the 
operation time). For current FCs, the degradation rate is 1 to 5% per 1000 hours of operation. 
 

4.13.3. Environmental issues 
 
Fuel cells are generally believed to be an environmentally friendly technology, as pollutant 
emissions are virtually zero during operation (at least if H2 is used as fuel). Related to the intrinsic 
avoidance of combustion, the NOx rates are low (even for the high temperature FCs). However, 
CO2 emissions occur, but they depend on the type of FC. Besides that, very specialised materials 
are needed, which requires very often specialised manufacturing processes as well, with often 
environmental consequences on a life cycle basis. 
 

4.13.4. Conclusions 
 
There are only a few FCs commercially available and no real competitive market exists. The capital 
costs are very high, among others, due to the use of expensive exotic materials. As a result, FCs 
make only a very small contribution to the generation mix. 
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It is difficult to draw conclusions on the future evolutions of FCs, as the technology is very 
immature. First of all, costs have to be reduced to an acceptable level. Besides that, although 
research activities are much less in the EU than in Japan and the US, the EU shows a lot of interest 
in the use of FCs for residential micro CHP. PEMFCs and SOFCs seem the most promising 
technologies for micro CHP. Low temperature PEMFCs, AFC’s and perhaps PAFCs seems suitable 
for small-scale end-applications on the stationary market, and high temperature SOFCs and MCFCs 
are expected to be suitable for the large-scale stationary energy market. 
 

4.14. Hydrogen economy 
 

4.14.1. Intro 
 
Although considerable attention is paid to hydrogen as an energy carrier for the future, presently, it 
is rarely used as an energy vector as such. Worldwide, hydrogen is used and produced in the 
petrochemical industry and it is a by-product in chemical industries. For future evolutions, 
applications in the automotive sector are the primary focus. The aim is to shift away from fossil 
fuels, both for environmental and security of supply reasons. However, hydrogen is seen as a 
source for direct heating and power production as well. 
 
Throughout the discussion on hydrogen the status of it as merely an energy carrier or vector as 
opposed to an energy source or resource should not be forgotten. Just like with electricity, the end 
use of hydrogen can be environmentally friendly whereby the environmental burden has been 
shifted to the process that produces the hydrogen. 
 

4.14.2. General issues 
 
Hydrogen is not likely to be a major option for power production on the short or medium term. Due 
to the high capital costs and energy losses, associated with the conversion, hydrogen is inherently 
more expensive than the primary resource from which is was produced. However, there might be 
some situations, in which hydrogen power generation could be useful. First of all in places where 
there is a surplus of renewable energy, or, on locations where primary energy resources are located, 
without the presence of (sufficient) transmission infrastructure, production of hydrogen could be 
justified economically. Another opportunity is linked with Carbon Capture Storage. To reduce the 
costs of CCS, it has to be applied on as large a scale as possible. So hydrogen could be produced on 
a large scale, near the sequestration plant and then, it can be transported to the consumers on a 
smaller scale. 
 
Hydrogen is preferably to be transported over short distances by pipeline. Road transport is less 
common, as it requires liquefaction – a highly energy intensive process – to transport sufficient 
quantities, due to the low volumetric storage density in the gaseous state. 
 
As hydrogen can be stored, power generation from it can be scheduled to coincide with the power 
demand. So by this, hydrogen is a good option for indirect electricity storage. Even more, compared 
to other electricity storage options, it offers a greater flexibility as it can be used for other 
applications as well, such as transport and cogeneration. However, until now, the conversion to 
hydrogen and back to electricity has no good round-trip efficiency. 
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4.14.3. Description of current/future technologies 
 
The hydrogen economy is in the early stages of development, and only a few technologies could be 
described as being mature. Usually, hydrogen is discussed in conjunction with fuel cells (FC), both 
for stationary and transport applications. The PEMFC is the main candidate for automotive 
applications. As it is driven by the transport sector, more extensive technology development and 
cost reductions are possible. PEMFCs, SOFCs and MCFCs are likely to be the long term choice for 
power generation from hydrogen. AFCs are another important type for the hydrogen – FC link, but 
they are likely to fill small niches only. By this, no extra benefits (e.g. cost reductions and technical 
development) from large scale investments are to be expected. 
 
Besides the link with fuel cells, hydrogen can also be used (after some modifications) in 
conventional combustion technologies. Although, currently, there are no gas turbines commercially 
available to run on pure hydrogen, GTs may be considered for large scale power generation in the 
longer term (combined with CCS in IGCCs). However, further technological development (e.g. 
material research) is required. Internal combustion engines (ICEs) are another option, introduced by 
some automotive manufactures, but both for stationary and automotive applications. Thanks to the 
wide flammability range of hydrogen, higher efficiencies and lower final combustion temperatures 
can be reached, which reduces the NOx emissions. As a drawback, larger engines are needed as the 
specific power output is reduced. 
 
Nowadays, hydrogen is most commonly produced by the reforming of natural gas. However, given 
the potential of hydrogen for energy storage and the limited availability of natural gas, 
electrolysers, for the conversion from electricity to hydrogen (and vice versa), need to be further 
developed. Alkaline electrolysers are currently the largest available electrolysers with a hydrogen 
production up to 1 ton per day. This type is mostly used in demonstration projects. PEM 
electrolysers have significantly higher unit cost than the alkaline ones, and they exist only in small 
sizes. High temperature electrolysers exist only at research and lab-demonstration scale. As they are 
suitable for situations in which a large heat source is available, their future will probably depend on 
the future of high temperature nuclear reactors. Another possible pathway for the production of 
hydrogen is linked to the development of the IGCC power plants and CCS; i.e. the gasification of 
coal in combination with a shift reaction result in H2 and CO2 as reaction products. 
 

4.14.4. Environmental issues 
 
At the point of use, hydrogen is a clean energy carrier. But due to the additional conversion step, as 
hydrogen must be generated by making use of other primary energy resources, power generation 
from hydrogen can result in higher CO2 emissions from the complete energy chain. However, the 
emission rate is entirely dependent on the method of production and distribution, and differs for 
every method. As the transport sector is an important emitter of CO2, much of the work from 
hydrogen energy chains has focused on the use in that sector. 
 

4.14.5. Conclusions 
 
The hydrogen economy is in an early stage of development, which makes it difficult to predict the 
future. There are many technology options to choose from, and all over the world, studies on 
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possible hydrogen roadmaps are funded. While the EU is focussing on a renewable pathway, the 
US favours a fossil-based route (i.e. predominantly coal in combination with CCS) to hydrogen. 
Anyhow, significant technology developments are vital for hydrogen to emerge as an energy 
vector. The challenges cover the entire chain, from the hydrogen production, over the delivery, the 
storage and the final use. 
 
The linkage between stationary applications and transport could help break the problem of low 
initial demand, threatening the viability of production and infrastructure investments, and so, help 
to accelerate the move towards hydrogen in both sectors. 
 

4.15. Electricity storage 
 

4.15.1. Intro 
 
Electric energy is difficult to store in larger quantities and is ideally produced and consumed 
simultaneously. As renewable energy sources are being more and more used for the electricity 
production, storage becomes an issue due to the intermittent character of the renewable sources. 
 
At present, no universal large-scale technology for energy storage is being used. Pumped hydro 
stations are commercially available, but they are only suitable for some places in the world. Three 
different principles for energy storage are studied for electricity storage purposes; i.e. mechanical 
storage (pumped hydro power, compressed air energy storage and flywheel storage), magnetic 
storage (superconducting magnetic energy storage) and chemical storage (in batteries, super 
capacitors or fuel-cell derived facilities such as redox-flow batteries). All these different options, 
except for super capacitors and fuel cells, are briefly summarised hereunder. 
 

4.15.2. Description of technologies 
 
Pumped hydro power plants are the most effective of all large scale storage methods and are 
already used for more than 70 years. Its working principle is based on the interaction of 2 large 
reservoirs at different heights. When storing energy, water is pumped from the low to the high 
reservoir, and electricity is produced by releasing water from the high to the low level. With this 
method, large amounts of energy and high power capacities can be reached. The largest available 
station (i.e. in Japan) has a capacity of 2700 MW. Depending on the climate, energy can be stored 
for long periods, up to 6 months. The hydro power plants have quick response times (only a minute 
from a complete standstill), and have round trip efficiencies of 70 to 80%. As a drawback, hydro 
plants require geologically special sites, which are very often only found at remote locations and 
although there is no environmental impact while operating the plant, the construction of the plant 
does have an impact. The operational costs are low, but the investment costs are high. Depending 
on the site, they vary between $1000 and $3000 per kW. Some increase in the hydro power 
capacity is expected in Europe, but most of the investments are expected to happen in Asia. 
 
A second option is Compressed Air Energy Storage (CAES). Here, air is compressed and stored in 
an underground reservoir or surface vessel/piping system, and it is released for the electricity 
production thereby bypassing the compressor stage of a gas turbine. The air combusts after 
injection of a fuel and the exhaust gasses expands over a turbine to drive a generator. Man-made 
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rock caverns, salt caverns, aquifers and depleted gas reservoirs are possible storage facilities. In the 
US and Germany, 2 large facilities of more than 100 MW installed power are in use, and in several 
other countries, small installations are being tested. Due to the expected limited availability of 
suitable sites, research focuses on CAES in combination with man-made storage tanks. 
 
With Superconducting Magnetic Energy Storage (SMES), electric energy is stored in the magnetic 
field which is generated by sending a DC current flow through a coiled wire of superconducting 
material. The system shows a high reliability and dynamic stability and can enhance the power 
quality. Besides that, it can be used for reactive power control and frequency stabilisation. Round 
trip efficiencies can reach 98%, and in the future, power outputs up to 1000 MW seems to be 
possible. However, a very costly power converter is needed to convert the AC into DC for the 
energy storage, and vice versa for the electricity production. 
 
A fourth storage option makes use of a flywheel, in which the rotating wheel stores kinetic energy. 
Recent improvements in material, magnetic bearings and power electronics have made flywheels a 
competitive option for energy storage. High power densities are possible, large number of repetitive 
deep discharge cycles can be done without capacity degradation, and flywheels are virtually 
maintenance free. Its peak power can reach from some kW up to hundreds of MW’s, storing more 
than 1 GJ. And its efficiency varies between 80 and 85%, depending on the bearing and winding 
losses and the cycling time. Future design will have to focus on the reduction of the idling losses 
(i.e. the energy loss when a spinning wheel is on standby). 
 
The last option briefly mentioned here is battery storage. There exist a lot of different types of 
batteries with different characteristics. In general, batteries are modular, quiet, low polluting, easy 
to install and they have a quick response time (< 20 msec). Their roundtrip efficiency depends on 
the charge/discharge time, the power level, the type of battery, etc., but ranges between 60 and 
80%. The lifetime of the battery, which is closely related to the number of cycles they went 
through, is a key issue for the future. 
 

4.15.3. Conclusions 
 
Three options of the abovementioned energy storage possibilities seem to become most suitable for 
energy management; i.e. pumped hydro storage, large scale battery storage and CAES. The other 
options like flywheels, SMES and super capacitors, do have a future, but they are expected to rather 
play a role in the power quality management and uninterruptible power supply systems. 
 

4.16. Ocean Energy 
 

4.16.1. Intro 
 
The oceans, which cover more than 70% of the earth surface, represent a potential, vast renewable 
energy source. Although the potential is vast, only a fraction of it is economically exploitable. 
Numerous techniques to extract the energy from the oceans have been suggested. They can be 
categorised in five main types. The first and the second one are based on the conversion of kinetic 
energy into electricity; marine and tidal energy currents and wave power, respectively. Those two 
groups of technologies will be discussed more in detail below, as they are attractive for the EU, 
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with its existing wave climate and tidal currents. The third option makes use of heat engines to 
convert thermal energy into electricity, at locations with large temperature differences. A fourth 
option is based on the osmotic process to extract energy from salinity gradients, and the last option 
makes use of marine biomass, e.g. for the production of renewable fuels for electricity generation. 
These three last options are not further discussed. 
 

4.16.2. Description of current technologies 
 
A first important group of technologies is based on marine and tidal currents. These currents are 
highly predictable, and some marine currents are of an almost constant nature, which results in 
utilisation rates up to 80% (albeit there are some seasonal changes). Tidal currents are predictable 
as well, but they are not constant. They have a utilisation rate of 40 to 50%. The potential of those 
technologies in the EU is estimated at 40 to 60 TWh per year. In general, the capital costs are high 
and the operational costs low. And very often, the conditions during installation and maintenance 
are difficult.  
 
Basically, there are two ways to extract energy from marine and tidal currents. The first one makes 
use of relatively conventional turbines to extract energy from free flowing water. As for wind 
power systems, the turbine converts the linear movement into a rotational movement, after which 
this movement is converted into electricity by a generator. This option thus deals with “under-water 
turbines”. The Betz limit is assumed to be the theoretical limitation for the power extraction from 
the current. Due to the low current velocities, which results in low rotational speeds, currently, a 
gearbox is necessary. However, direct driven generators – without gearbox – are expected in the 
future. Compared with the tidal barrages, discussed below, much less civil engineering work is 
required for a free flow unit. Although some different types of turbines are used and successfully 
tested (from 160 kW to 300 kW), the development is still in an early stage and no turbine is full-
scale commercially tested and proven. These first generation turbines are only suitable for depths 
less than 40m (limited by the higher forces on the structures and foundation problems). To become 
economical, the lifetime of the turbines have to be increased in combination with a decreased 
maintenance. Those two factors are of more importance than the increase of the power output and 
the efficiency. Second generation turbines are foreseen within 10 years, and are expected to operate 
at depths over 40m (up to 80m), where the potential of the tidal currents is larger. However, 
installation costs will be larger, as the forces on the structure are higher and there will be more 
difficulties to deploy the turbines in the more intense currents and greater depths. 
 
The second way to extract energy from currents is by a tidal barrage. In this option, a system of 
dams, turbines and storage basins is placed in a high tide estuary. Due to the periodic nature of the 
resource, these types of plants generate only 4 to 5 hours electricity per cycle, but, as an advantage, 
the periodicity is highly predictable. This type of tidal energy power conversion does already exist 
since the 1960s; probably due to its similarities with conventional run-of-river hydropower plants. 
In France, a 240 MW unit is already operational for almost 40 years. However, as a minimum mean 
tidal range of 5 metres (and preferably more) is required for an economically operation of the plant, 
the number of suitable sites in the EU is limited. Besides that, the construction requires a lot of 
engineering work and materials, which results in high capital costs, up to 2 to 3 times the cost of a 
conventional hydraulic plant. 
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The second important group of technologies makes use of wave energy, which is a concentrated 
form of wind energy, issued from the sun. As in the Atlantic Ocean, at water depths less than 20 
meter, the water is swept over by a swell energy of about 2.5 kW/m², most parts of the European 
coasts have an attractive wave climate. However, wave power is much less predictable than marine 
and tidal current, and power units very often suffer from the unpredictability of the ocean waves, 
due to storm or gale. Since the 1970s, several experimental technologies of wave electricity 
generation have been tried out, however, none of them with great economic success. The most 
“successful” one is the open water column, in which air is compressed by the water movements and 
runs through a turbine. 
 

4.16.3. Environmental issues 
 
There is little known about the environmental impact of marine and tidal energy converters and of 
wave power units. The impact is expected to be low as neither direct emissions during operation, 
nor indirect emissions from fuel transport, are emitted in these types of plants. But there are some 
life cycle emissions during the manufacturing process of the devices, and during the construction 
and decommissioning of the plant, especially for tidal barrages. Beside the emissions, the 
construction of the dam has unavoidably an impact on the environment and the estuarine 
ecosystem. Further research on the footprint and its impact needs to be done. 
 

4.16.4. Conclusions 
 
For the EU, 2 options of ocean energy have a potential of breaking through. However, more R&D 
and financial support are required before full commercialisation can be reached. First of all, there is 
the marine and tidal current energy option. Thanks to its potential high utilisation rate, the price is 
only expected to decrease if the technologies develop further. In this, a high reliability, in 
combination with a low maintenance cost, is of major importance. The elimination of a gearbox, 
better sealing and improved anti-fouling products can help to increase the lifetime. Second 
generation turbines will be suitable to withstand the higher forces of depths below 40m, where the 
energy potential is larger. Many promising prototypes already exist, and similar cost reductions in 
manufacturing as for wind turbines are expected in the future, however, the overall economy is 
highly dependent on site specific conditions. The market is expected to grow, up to 2010 and 
beyond, but documented estimates are scarcely found. The second option, wave energy, is a clean 
form of energy production, but its major challenges are the unpredictable nature of the waves and 
the potential of extreme conditions at the sea (up to 10 times stronger than normal waves), which 
demands a lot of the wave power units. 
 

4.17. Environmental assessment and life cycle analysis 
 
Some chosen electricity generation technologies have been analysed from the environmental point 
of view, with a horizon of 2030-2050. The technologies considered are pulverised coal combustion, 
integrated gasification combined cycle (IGCC), combined cycle gas turbine (CCGT), combined 
heat and power, CO2 capture and storage (CCS) and biomass gasification. The methodology used to 
perform this task is largely based in the Life Cycle Analysis methodology, using 9 different impact 
categories. 
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The analysis included four phases: classification, characterisation, normalisation and weighting. In 
the classification phase, the qualified and quantified environmental loads are assigned to the impact 
categories, on a qualitative basis. In the characterisation step, the environmental loads, previously 
assigned qualitatively to one or more impact categories in the classification phase, are quantified in 
terms of a common unit for that category by using characterisation factors. Normalisation serves to 
indicate the share of the results in a worldwide or regional total. The last phase in the impact 
assessment is the weighting. In this phase, the normalised-indicator results for each impact category 
are assigned numerical factors according to their relative importance, multiplied by these factors 
and aggregated into a single score that represents the environmental performance of each 
technology. 
 
For current technologies, biomass gasification and CCGT have turned out to have the lowest 
impacts while lignite ones have the highest results. For future technologies, those with CO2 capture 
and sequestration showed the best results. Regarding the different impact categories, the more 
relevant, from highest to lowest, have been global warming, acidification, eutrophication, and 
photochemical oxidation. 
 
More details are found in the dedicated WP3 report. 
 

4.18. System integration 
 

4.18.1. Integration of centralised and decentralised generation; influence on the grid 
 

4.18.1.1. Definition 
 
The term distributed generation (DG) is commonly used, although there is currently no common 
agreement on its exact definition. The term distributed generation will be further used to depict an 
electric power generation source connected directly to the distribution network or on the customer 
side of the meter. 
 

4.18.1.2. Benefits 
 
Distributed generation’s main contributions are improved electricity market liberalisation and 
ecological benefits.  
 
In a liberalised market environment, distributed generation allows customers to look for the 
electricity services best suited for them. One of the most interesting features is the flexibility of DG 
that could allow market participants to respond to changing market conditions. DG can be used to 
hedge against price fluctuations. 
 
DG can provide additional quality of supply and reliability. Due to the incentives for cost-
effectiveness, and the re-regulation of network companies, reliability levels could decrease. DG 
could be a means to increase the total reliability. Apart from reliability problems, DG can provide 
additional power quality improvement. 
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Environmental policies or concerns are currently probably the major driving force for DG in 
Europe. Environmental regulations force players in the electricity market to look for cleaner energy 
and cost-efficient energy. Many of the DG technologies are recognised as environmentally friendly. 
Furthermore, being by nature small-scale and dispersed over the grid, DG units allow the 
exploitation of cheap fuel opportunities.  
 

4.18.1.3. Difficulties 
 
The relation between power quality and distributed generation is not straightforward. On the one 
hand, distributed generation can contribute to the improvement of power quality. In the areas where 
voltage support is difficult, distributed generation offers significant benefits for the voltage profile 
and power factor corrections. On the other hand, large-scale introduction of decentralised power 
generating units may lead to instability of the voltage profile. The bi-directional power flows and 
the complex reactive power management can be problematic and lead to voltage profile fluctuation. 
Additionally, short-circuits and overloads are supplied by multiple sources, each independently not 
detecting the anomaly. An increasing share of DG will generally increase the average capital cost 
per kW installed, as DG technology is quite expensive. 
 

4.18.1.4. Distributed generation trends in EU-15 
 
DG in Europe consists mainly of wind power and CHP. The largest installed wind power 
generation capacities are in Germany, Denmark and Spain. Denmark, Finland and Netherlands have 
the highest installed CHP capacity. Turbines and reciprocating engines fuelled by natural gas and 
oil are the dominant technologies for distributed generation applications. Microturbines are 
increasing their shares and fuel cells may have good prospects in the field if cost reductions can be 
achieved. 
 
For the year 2000, CHP accounted for almost 10% of electricity generation in the EU-15. Denmark, 
followed by the Netherlands, were the leaders in CHP-based electricity production, while Greece 
and Ireland display the smallest figures. Germany’s CHP electrical output in absolute figures (60.8 
TWh) is the highest in Europe35. 
 

4.18.2. Greenhouse-gas emissions due to interaction centralised and decentralised 
generation 

 
In order to make a fool-proof evaluation where all aspects of electricity generation are kept in mind, 
a detailed electricity system simulation tool for electricity generation is useful. Here, this discussion 
is based on the results obtained by the simulation code PROMIX. Although, its simulations only 
deal with the Belgian context and a certain fuel price structure, its results can easily be interpreted 
on a larger European framework and other price settings. 
 
Case studies clearly demonstrate that some impacts can be estimated based on simplified “static” 
formulae without numerical calculation, but that precise quantification of the system impact always 
has to be the result of a simulation. When a scenario becomes complicated (for instance 

                                                 
35 These electric power levels for CHP must be interpreted with caution, as the actual E/Q ratio is also important. 



 
EUSUSTEL – Final Technical Report 

93

simultaneous demand and supply side actions), a-priori statements are difficult or even impossible 
to be made. Therefore, simulation of electricity generation for all relevant scenarios is essential in 
order to study the impact of demand or supply-side options, or both at the same time. 
 
If an application is promoted or prohibited, the instantaneous fuel mix for electricity generation 
changes. Reduction (increase) in demand does not result in the same relative reduction (increase) 
for all active power plants which operate according to a fixed merit-order priority. Instantaneously, 
only the most expensive plants are shut down (activated) or modulated. The properties of the 
average system are not relevant because incremental changes in demand only affect the activation 
of this limited number of plants, characterised by their own emissions, efficiency and fuel costs. In 
the longer run, different actions of power-plant investments need to be taken into account. 
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Table A - 1: Combined Cycle Gas Turbine Power Plant – Reviewed Technology Characterisations 

CCGT Power Plant  

year source unit scaling max. net el. 

power 

(busbar) 

 el. 

efficiency at 

el. peak 

load  

availability 

factor 

technical 

life time 

min. 

overnight 

investment 

cost 

max. 

overnight 

investment 

cost 

min. total 

investment 

costs 

max. total 

investment 

costs 

construction 

time 

spec. 

demolition 

costs 

(greenfield)

fixed 

O&M cost

variable 

O&M cost

total O&M 

cost 

      [MW] [%] [-] [a] [€/kW] [€/kW] [€/kW] [€/kW] [years] [€/kW] [€/kW]/a [€/MWh] [€/MWh]

WP3 generic 400-500 55-60 0,90 20-30 515 580 583 656 2-3     20 20 

generic 800 57,5 0,85 35 440 440 498 498 2 15 19,0 1,5 4,1 

scaled (1 400       485 485 549 549           

scaled (1 500       470 470 532 532           
TIMES 

scaled (1 784       441 441 499 499           

PRIMES     54     550 550 622 622     56,5 1,8 9,3 

VGB ZEP(4 generic 784 57,8   25 443 443 501 501           

2005 

VGB RoE(5     58 0,80 25 410 410 464 464           

WP3     56-61 0,90 20-30 2) 2)     2-3     20 20 

generic 1000 60 0,85 30 440 440 498 498 2 15 18,0 1,5 3,9 

scaled (1 400       504 504 570 570           

scaled (1 500       487 487 551 551           

scaled (1 784       456 456 516 516           

TIMES 

scaled (1 800       455 455 514 514           

PRIMES                             

2010 

VGB                             

WP3     58-63 0,90 20-30 2) 2)     2-3     20 20 

generic 1000 60 0,85 35 385 385 435 435 2 15 18,0 1,5 3,9 

scaled (1 400       441 441 498 498           

scaled (1 500       426 426 482 482           

scaled (1 784       399 399 451 451           

2020 

TIMES 

scaled (1 800       398 398 450 450           
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PRIMES                             

Table A – 1 continued 

VGB                             

WP3     60-65 0,90 20-30 2) 2)     2-3     20 20 

generic 1000 62 0,85 35 385 385 435 435 2 15 18,0 1,5 3,9 

scaled (1 400       441 441 498 498           

scaled (1 500       426 426 482 482           

scaled (1 784       399 399 451 451           

TIMES 

scaled (1 800       398 398 450 450           

PRIMES (3     57     525 525 594 594     53,9 1,8 8,6 

VGB ZEP(4 generic 784 61,7   25 487 487 551 551           

2030 

VGB RoE(5     61,7 0,80 25 451 451 510 510           

1) Investment cost scaled to unit size comparable with other sources           

2) Progress ratio of 90%, i.e. doubling capacity reduces cost by 10%           

3) PRIMES data for 2025              

4) VGB ZEP Technology Platform "Cost of Electricity - 29.09.2006"; total investment cost includes interest during construction with 8,5% interest rate    

5) VGB EURELECTRIC study "Role of Electricity - Supply Block"; OIC = Invest EPC; total investment cost includes interest during construction with 8,5% interest rate   

NGCC Power Plant       

year source spec. CO2-

emission 

spec. CO-

emission 

spec. NOX-

emission 

spec. SO2-

emission 

spec. CH4-

emission 

spec. N2O-

emission 

spec. pm-

emission 

spec. 

NMVOC 

emission 

       

    [g/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh]        

                        

2005 TIMES 353,00 21,00 272,00 0,00 5,01 9,39 0,00 5,00        

2010 TIMES 339,00 20,00 261,00 0,00 4,80 9,00 0,00 4,80        

2020 TIMES 339,00 20,00 261,00 0,00 4,80 9,00 0,00 4,80        
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Table A - 2: Hard Coal Condensing Power Plant - Reviewed Technology Characterisations 

Coal Condensing Hard Coal 
year source unit 

scaling 
max. net 
el. power 
(busbar) 

 el. 
efficiency 
at el. peak 

load  

availability 
factor 

technical 
life time 

Overnight 
capital 
costs 

Total 
investment 

costs 

construction 
time 

spec. 
demolition 

costs 
(greenfield)

fixed 
O&M 
cost 

variable 
O&M 
cost 

total 
O&M 
cost 

      [MW] [%] [-] [a] [€/kW] [€/kW] [years] [€/kW] [€/kW]/a [€/MWh] [€/MWh]
WP3 generic 400 48 0,91 30 1136 1329 4,5     4,9 4,9 

generic  800 46 0,85 35 820 959 3 32,5 34,0 2,6 7,2 
scaled (1 400       984 1151           TIMES 
scaled (1 1015       746 872           

PRIMES     43     1300 1521     128,4 2,5 19,8 
VGB ZEP (3 generic 1015 46     1068 1249           

2005 

VGB RoE (4     46 0,86 35 916 1072           
WP3 generic  400-1000 52,5 0,91 30 1100 1287 4,5     4,9 4,9 

generic  800 46 0,85 35 820 959 3 32,5 34,0 2,6 7,2 
scaled (1 400       984 1151           TIMES 
scaled (1 1000       750 877           

PRIMES                         

2010 

VGB                          
WP3 generic  400-1000 55 0,91 30 1200 1404 4,5     3,8 3,8 

generic  800 47 0,85 35 850 994 3 32,5 34,0 2,6 7,2 
scaled (1 400       973 1139           TIMES 
scaled (1 1000       813 951           

PRIMES                         

2020 

VGB                          
WP3 generic  400-1000 55 0,91 30 1200 1404 4,5     3,8 3,8 

generic  800 50 0,85 35 845 989 3 32,5 34,0 2,6 7,2 
scaled (1 400       968 1133           
scaled (1 1000       808 946           TIMES 

scaled (1 1025       804 941           
PRIMES (2     46     1150 1345     113,6 2,5 17,8 

VGB ZEP (3 generic 1025 52     1098 1284           

2030 

VGB RoE (4     51 0,86 35 1010 1182           
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Table A – 2 continued 
1) Investment cost scaled to unit size comparable with other sources        
2) PRIMES data for 2025            
3) VGB ZEP Technology Platform "Cost of Electricity - 29.09.2006"; total investment cost includes interest during construction with 8,5% interest rate  
4) VGB EURELECTRIC study "Role of Electricity - Supply Block"; OIC = Invest EPC; total investment cost includes interest during construction with 8,5% interest rate  
              
              

              

Coal Condensing Hard Coal     
year source spec. CO2-

emission 
spec. CO-
emission 

spec. 
NOX-

emission 

spec. SO2-
emission 

spec. 
CH4-

emission 

spec. 
N2O-

emission 

spec. pm-
emission 

spec. 
NMVOC 
emission 

     

    [g/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh]      
2005 TIMES 728,00 137,00 549,00 549,00 13,00 31,00 27,00 13,00      
2010 TIMES 728,00 137,00 549,00 549,00 13,00 31,00 27,00 13,00      
2020 TIMES 712,00 134,00 537,00 537,00 13,00 31,00 27,00 13,00      
2030 TIMES 670,00 126,00 505,00 505,00 12,00 29,00 25,00 12,00      
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Table A - 3: Coal Condensing Lignite Power Plant - Reviewed Technology Characterisations 

Coal Condensing Lignite  

year source max. net 

el. power 

(busbar) 

 el. 

efficiency at 

el. peak load 

availability 

factor 

technical 

life time 

Overnight 

capital costs

Total 

investment 

costs 

construction 

time 

spec. 

demolition 

costs 

(greenfield) 

fixed O&M 

cost 

variable 

O&M cost

total O&M 

cost 

    [MW] [%] [-] [a] [€/kW] [€/kW] [years] [€/kW] [€/kW]/a [€/MWh] [€/MWh] 

WP3 965 44,5 0,85 35 1300 1521 4 30 38,0 1,0 6,1 

TIMES 965 44,5 0,85 35 1300 1521 3 30 38,0 1,0 6,1 

PRIMES     0,85 35 1508 1765     31,13 11 15,2 
2005 

VGB ZEP(1 950 43,5     1136 1329           

WP3 1050 45 0,85 35 1300 1521 4 30 33,0 1,0 5,4 

TIMES 1050 45 0,85 35 1300 1521 3 30 33,0 1,0 5,4 

PRIMES         1424 1666     31,13 11 15,2 
2010 

VGB ZEP(1                       

WP3 1050 50 0,85 35 900 1053 4 30 33,0 1,0 5,4 

TIMES 1050 45 0,85 35 900 1053 3 30 33,0 1,0 5,4 

PRIMES   41     1322 1546     31,13 11 15,2 
2020 

VGB ZEP(1                       

WP3 1050 50 0,85 35 900 1053 4 30 33,0 1,0 5,4 

TIMES 1050 50 0,85 35 900 1053 3 30 33,0 1,0 5,4 

PRIMES (2         1272 1488     31,13 11 15,2 
2030 

VGB ZEP(1 920 53,5     1361 1592           

1) VGB ZEP Technology Platform "Cost of Electricity - 29.09.2006"; total investment cost includes interest during construction with 8,5% interest rate  

2) PRIMES data for 2025           



Annex: Reviewed Technology Characterisations 

 
EUSUSTEL – Final Technical Report 

99

Table A -  3 continued 
             

Coal Condensing Lignite    

year source spec. CO2-

emission 

spec. CO-

emission 

spec. NOX-

emission 

spec. SO2-

emission 

spec. CH4-

emission 

spec. N2O-

emission 

spec. pm-

emission 

spec. 

NMVOC 

emission 

    

    [g/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh]     

2005 TIMES 898,00 161,00 645,00 645,00 12,00 28,00 32,00 12,00     

2010 TIMES 888,00 160,00 638,00 638,00 12,00 28,00 32,00 12,00     

2020 TIMES 888,00 160,00 638,00 638,00 12,00 28,00 32,00 12,00     

2030 TIMES 799,00 144,00 574,00 574,00 11,00 25,00 29,00 11,00     
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Table A - 4: Hard Coal IGCC Power Plant - Reviewed Technology Characterisations 

Hard Coal IGCC Power Pant 

year source max. net 

el. power 

(busbar) 

 el. 

efficiency at 

el. peak load 

availability 

factor 

technical 

life time 

Overnight 

capital costs

Total 

investment 

costs 

construction 

time 

spec. 

demolition 

costs 

(greenfield) 

fixed O&M 

cost 

variable 

O&M cost

total O&M 

cost 

    [MW] [%] [-] [a] [€/kW] [€/kW] [years] [€/kW] [€/kW]/a [€/MWh] [€/MWh] 

WP3                       

TIMES 450 51 0,85 35 1200 1404 3 50 52,5 3,1 10,2 

PRIMES   43     1600 1872 3   166,2   22,3 
2010 

VGB ZEP(2 856 46,1     1374 1607 3         

                          

WP3                       

TIMES 450 51 0,85 35 1100 1287 3 50 52,5 3,1 10,2 

PRIMES                       
2020 

VGB ZEP(2                       

                          

WP3                       

TIMES 450 54 0,85 35 1100 1287 3 50 52,5 3,1 10,2 

PRIMES (3   45     1400 1638 3   145,5 5,5 25,0 
2030 

VGB ZEP(2 988 52     1245 1457 3         

1) Investment cost scaled to unit size comparable with other sources        

2) VGB ZEP Technology Platform "Cost of Electricity - 29.09.2006"; total investment cost includes interest during construction with 8,5% interest rate  

3) PRIMES data for 2025           
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Table A – 4 continued 
Hard Coal IGCC Power Plant 

year source spec. 

CO2-

emission

spec. CO-

emission 

spec. NOX-

emission 

spec. SO2-

emission 

spec. CH4-

emission 

spec. N2O-

emission 

spec. pm-

emission 

spec. 

NMVOC 

emission 

    [g/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] 

2010 TIMES 656,00 58,16 160,00 196,00 11,73 27,06 0,00 0,00 

2020 TIMES 656,00 58,16 160,00 196,00 11,73 27,06 0,00 0,00 

2030 TIMES 620,00 54,87 152,00 185,00 11,07 25,56 0,00 0,00 
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Table A - 5: Lignite IGCC Power Plant - Reviewed Technology Characterisations 

Lignite IGCC Power Plant 
year source max. net 

el. power 
(busbar) 

 el. 
efficiency 
at el. peak 

load  

availability 
factor 

technical 
life time 

Overnight 
capital 
costs 

Total 
investment 

costs 

construction 
time 

spec. 
demolition 

costs 
(greenfield) 

fixed 
O&M 
cost 

variable 
O&M 
cost 

total 
O&M 
cost 

    [MW] [%] [-] [a] [€/kW] [€/kW] [years] [€/kW] [€/kW]/a [€/MWh] [€/MWh] 
WP3 450 49 0,86 35 1200 1404 3 50 52,5 3,1 10,1 

TIMES 450 49 0,85 35 1200 1404 3 50 52,5 3,1 10,2 2010 
PRIMES       25 1472 1722     38,9 6,0 11,2 

             
WP3 450 49 0,85 35 1100 1287 3 50 52,5 3,1 10,2 

TIMES 450 49 0,85 35 1100 1287 3 50 52,5 3,1 10,2 2020 
PRIMES       25 1337 1564     38,9 6,0 11,2 

             
WP3 450 52 0,85 35 1100 1287 3 50 52,5 3,1 10,2 

TIMES 450 52 0,85 35 1100 1287 3 50 52,5 3,1 10,2 2030 
PRIMES (1       25 1273 1490     38,9 6,0 11,2 

1) PRIMES data for 2025           
             

 Lignite IGCC Power Plant    
year source spec. 

CO2-
emission 

spec. CO-
emission 

spec. 
NOX-

emission 

spec. SO2-
emission 

spec. 
CH4-

emission 

spec. N2O-
emission 

spec. pm-
emission 

spec. 
NMVOC 
emission 

    

    [g/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh]     
2010 TIMES 815,31 70,12 394,64 598,93 11,14 26,00 0,00 0,00     
2020 TIMES 815,31 70,12 394,64 598,93 11,14 26,00 0,00 0,00     
2030 TIMES 768,27 66,07 371,88 564,38 10,50 24,50 0,00 0,00     
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Table A - 6: Combined Cycle Gas Turbine Power Plant with CCS - Reviewed Technology Characterisations 

Natural Gas Combined Cycle with CCS 
year source unit scaling max. net 

el. power 
(busbar) 

 el. 
efficiency 
el. peak 

load  

availability 
factor 

technical 
life time 

Overnight 
capital 
costs 

Total 
investment 

costs 

construction 
time 

spec. 
demolition 

costs 
(green) 

fixed 
O&M 
cost 

variable 
O&M 
cost 

total 
O&M 
cost 

      [MW] [%] [-] [a] [€/kW] [€/kW] [years] [€/kW] [€/kW]/a [€/MWh] [€/MWh]
WP3 generic  475 54 0,85 35 925 1046 2 15     52,50          1,69   8,7 

TIMES generic  475 54 0,85 35 925 1046 2 15     52,50          1,69   8,7 
PRIMES     50 0,69 20 844 954 2       14,20          3,00   5,4 

2010 

VGB                         
                 

WP3 generic  475 54 0,85 30 925 1046 2 15     52,50          1,69   8,7 
TIMES generic  475 54 0,85 30 925 1046 2 15     52,50          1,69   8,7 

PRIMES     58 0,69 20 781 884 2       14,20          3,00   5,4 
2020 

VGB                         
                 

WP3 generic  475 56 0,85 30 925 1046 2 15     52,50          1,69   8,7 
TIMES generic  475 56 0,85 30 925 1046 2 15     52,50          1,69   8,7 

PRIMES (2       0,69 20 781 884         14,20          3,00   5,4 
VGB ZEP(3 generic 719 56,6     730 854           

2030 

VGB RoE(4     56,6     676 791           
1) Investment cost scaled to unit size comparable with other sources         
2) PRIMES data for 2025            
3) VGB ZEP Technology Platform "Cost of Electricity - 29.09.2006"; total investment cost includes interest during construction with 8,5% interest rate  
4) VGB EURELECTRIC study "Role of Electricity - Supply Block"; OIC = Invest EPC; total investment cost includes interest during construction with  
8,5% interest rate              
              

Natural Gas Combined Cycle with CCS     
year source spec. CO2-

emission 
spec. CO-
emission 

spec. 
NOX-

emission 

spec. SO2-
emission 

spec. 
CH4-

emission 

spec. 
N2O-

emission 

spec. pm-
emission 

spec. 
NMVOC 
emission 

     

    [g/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh]      
2010 TIMES 45,11 22,30 290,00 0,00 5,33 10,01 0,00 0,00      
2020 TIMES 45,11 22,30 290,00 0,00 5,33 10,01 0,00 0,00      
2030 TIMES 43,49 21,50 280,00 0,00 5,14 9,65 0,00 0,00      
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Table A - 7: Integrated Gasification Combined Cycle Power Plant with CCS - Reviewed Technology Characterisations 

Integrated Gasification Combined Cycle with CCS 
year source energy 

carrier 
unit scaling max. net 

el. power 
(busbar) 

 el. 
efficiency 
el. peak 

load  

availability 
factor 

technical 
life time 

Overnight 
capital 
costs 

Total 
investment 

costs 

construction 
time 

spec. 
demolition 

costs 
(green) 

fixed 
O&M 
cost 

variable 
O&M 
cost 

total 
O&M 
cost 

        [MW] [%] [-] [a] [€/kW] [€/kW] [years] [€/kW] [€/kW]/a [€/MWh] [€/MWh] 
WP3 lignite generic  425 43 0,85 35 1500 1755 3 55     65,00          3,58   12,3 

TIMES lignite generic  425 43 0,85 35 1500 1755 3 55     65,00          3,58   12,3 
PRIMES lignite     31 0,85 25 2575 3013         45,46          6,00   12,1 

2010 

VGB (2 hard coal                         
                              

WP3 lignite generic  425 43 0,85 35 1370 1603 3 55     65,00          3,58   12,3 
TIMES lignite generic  425 43 0,85 35 1370 1603 3 55     65,00          3,58   12,3 

PRIMES lignite     36 0,85 25 2243 2625         45,46          6,00   12,1 
2020 

VGB (2 hard coal                         
                              

WP3 lignite generic  425 46 0,85 35 1370 1603 3 55     65,00          3,58   12,3 
TIMES lignite generic  425 46 0,85 35 1370 1603 3 55     65,00          3,58   12,3 

PRIMES (3 lignite       0,85 25 2101 2458         45,46          6,00   12,1 
2030 

VGB (2 hard coal generic  983 48     1412 1652           
1) Investment cost scaled to unit size comparable with other sources          
2) VGB ZEP Technology Platform "Cost of Electricity - 29.09.2006"; total investment cost includes interest during construction with 8,5% interest rate   
3) PRIMES data for 2025             
               

Integrated Gasification Combined Cycle with CCS      
year source spec. 

CO2-
emission 

spec. CO-
emission 

spec. 
NOX-

emission 

spec. 
SO2-

emission 

spec. CH4-
emission 

spec. 
N2O-

emission 

spec. pm-
emission 

spec. 
NMVOC 
emission 

      

    [g/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh]       
2010 TIMES 111,52 0,00 449,71 682,50 12,70 29,63 0,00 0,00       
2020 TIMES 111,52 0,00 449,71 682,50 12,70 29,63 0,00 0,00       
2030 TIMES 104,25 0,00 420,38 637,99 11,87 27,70 0,00 0,00       
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Table A - 8: Combined Cycle Gas Turbine  CHP Plant - Reviewed Technology Characterisations 

Natural Gas Combined Cycle CHP Plant 
year source max. net 

el. power 
(busbar) 

 el. 
efficiency 
at el. peak 

load  

availability 
factor 

technical 
life time 

Overnight 
capital 
costs 

Total 
investment 

costs 

construction 
time 

interest cost 
during 

construction 
period 

spec. 
demolition 

costs 
(greenfield)

fixed 
O&M 
cost 

variable 
O&M 
cost 

total 
O&M 
cost 

    [MW] [%] [-] [a] [€/kW] [€/kW] [years] % [€/kW] [€/kW]/a [€/MWh] [€/MWh]
WP3 200 45,5 n.d. n.d. 535 605 1-2       8,3 8,3 

TIMES 200 45 0,85 30 550 622 2 5,4 15 27,5 1,53 5,2 
PRIMES                         

105       790 894             
2005 

OECD 
200       535 605             

              
WP3 200 47,1 0,91 30 535 605 1-2       8,3 8,3 

TIMES 200   0,85 35 550 622 2 5,4 15 25 1,5 4,9 2010 
PRIMES                         

              
WP3 200 47.9 0,91 30 535 605 1-2       8,3 8,3 

TIMES 200 45,5 0,85 35 500 566 2 5,4 15 25 1,5 4,9 2020 
PRIMES                         

              
WP3 200 52 n.d. 30 535 605         8,3 8,3 

TIMES 200   0,85 35 500 566 2 5,4   25 2,0 5,4 2030 
PRIMES (1                         

WP3, TIMES: Combined cycle back pressure turbine          
1) PRIMES data for 2025            

              

Natural Gas Combined Cycle CHP Plant     
year source spec. 

CO2-
emission 

spec. CO-
emission 

spec. 
NOX-

emission 

spec. 
SO2-

emission 

spec. 
CH4-

emission 

spec. N2O-
emission 

spec. pm-
emission 

spec. 
NMVOC 
emission 

     

    [g/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh]      
2005 TIMES 452,00 27,00 347,00 0,00 6,40 12,00 0,00 6,10      
2010 TIMES 447,00 27,00 344,00 0,00 6,33 11,87 0,00 6,00      
2020 TIMES 447,00 27,00 344,00 0,00 6,33 11,87 0,00 6,00      
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Table A - 9: Hard Coal CHP Plant - Reviewed Technology Characterisations 

Hard Coal CHP Plant 
year source max. net 

el. power 
(busbar) 

 el. 
efficiency 
at el. peak 

load  

availability 
factor 

technical 
life time 

Overnight 
capital 
costs 

Total 
investment 

costs 

construction 
time 

interest cost 
during 

construction 
period 

spec. 
demolition 

costs 
(greenfield)

fixed 
O&M 
cost 

variable 
O&M 
cost 

total 
O&M 
cost 

    [MW] [%] [-] [a] [€/kW] [€/kW] [years] % [€/kW] [€/kW]/a [€/MWh] [€/MWh]
WP3 400 48.5 n.d. n.d. 1131 1323 4       4,9 4,9 

TIMES 500 42,5 0,85 35 1070 1252 3 8,2 32,5 47,5 2,56 8,9 
PRIMES                         

200       1275 1492             
2005 

OECD 
500       1154 1350             

              
WP3 400 52.5 0,91 30 1223 1431 4       4,9 4,9 

TIMES 500 42,5 0,85 35 1070 1252 3 8,2 32,5 47,5 2,6 8,9 2010 
PRIMES                         

              
WP3 400 55 0,91 30 1223 1431 4       4,9 4,9 

TIMES 500 44 0,85 35 1080 1264 3 8,2 32,5 46,5 2,6 8,8 2020 
PRIMES                         

              
WP3 400 55 n.d. 30 1223 1431         4,9 4,9 

TIMES 500 45 0,85 35 1080 1264 3 8,2 32,5 46,5 2,6 8,8 2030 
PRIMES (1                         

1) PRIMES data for 2025            
              

Hard Coal CHP Plant     
year source spec. 

CO2-
emission 

spec. CO-
emission 

spec. 
NOX-

emission 

spec. 
SO2-

emission 

spec. 
CH4-

emission 

spec. N2O-
emission 

spec. pm-
emission 

spec. 
NMVOC 
emission 

     

    [g/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh] [mg/kWh]      
2005 TIMES 788,00 148,00 594,00 594,00 14,07 33,55 30,00 14,60      
2010 TIMES 788,00 148,00 594,00 594,00 14,07 33,55 30,00 14,60      
2020 TIMES 761,00 143,00 574,00 574,00 13,59 32,41 30,00 14,40      
2030 TIMES 761,00 143,00 574,00 574,00 13,59 32,41 30,00 14,40      
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Table A - 10:  Third Generation Nuclear Power Plant - Reviewed Technology Characterisations 

Third Generation Nuclear Power Plant 
year source max. net 

el. power 
(busbar) 

 el. 
efficiency 
at el. peak 

load  

availability 
factor 

technical 
life time 

min. 
Overnight 

capital 
costs (4 

max. 
Overnight 

capital 
costs (4 

min. total 
investment 

costs 

max. total 
investment 

costs 

construction 
time 

spec. 
demolition 

costs 
(greenfield) 

fixed 
O&M 
cost 

variable 
O&M 
cost 

total 
O&M 
cost 

    [MW] [%] [-] [a] [€/kW] [€/kW] [€/kW] [€/kW] [years] [€/kW] [€/kW]/a [€/MWh] [€/MWh] 
                            

WP3 900-1450 34-36 0,90 60 1300 1800 1615 2234 5 36   5,8 5,8 
TIMES 1756 36 0,9 40 1750 1750 2173 2173   238 38,6 1,0 5,9 

PRIMES   34     2100 2100 2997 2997   200 251,3 1,2 33,1 
2005 

VGB RoE (3   35,1 0,9   1880 1880 2335 2335           
                            

WP3 1450 36-37 0,90 60 1800 1900 2234 2358 5 36   5,8 5,8 
TIMES 1756 36 0,9 40 1550 1550 1925 1925   238 38,6 1,0 5,9 

PRIMES                           
2010 

VGB RoE (3                           
               

WP3 1450 36-37 0,90 60 1800 1900 2234 2358 5 36   5,8 5,8 
TIMES 1756 36 0,9 40 1335 1335 1658 1658   238 38,6 1,0 5,9 

PRIMES                           
2020 

VGB RoE (3                           
               

WP3 1450 36-37 0,90 60 1800 1900 2234 2358 5 36   5,8 5,8 
TIMES  1756 36 0,9 40 1335 1335 1658 1658   233 37,7 0,5 5,3 

PRIMES (2   38     1950 1950 2633 2633   150 220,8 0,8 28,8 
2030 

VGB RoE (3   37,1 0,9   1960 1960 2434 2434           
1) Investment cost scaled to unit size comparable with other sources          
2) PRIMES data for 2025             
3) VGB EURELECTRIC study "Role of Electricity - Supply Block"; OIC = Invest EPC; total investment cost includes interest during construction with 8,5% interest rate  
4) TIMES OIC do not include cost of initial core           
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Table A - 11: Run-of-River Hydropower Plant - Reviewed Technology Characterisations 
Run-of-River Hydropower Plant 

year source max. net 
el. 

power 
(busbar) 

 el. 
efficiency 
at el. peak 

load  

availability 
factor 

technical 
life time 

min. 
Overnight 

capital 
costs 

max. 
Overnight 

capital 
costs 

min. total 
investment 

costs 

max. total 
investment 

costs 

construction 
time 

spec. 
demolition 

costs 
(greenfield) 

fixed 
O&M cost

variable 
O&M 
cost 

total 
O&M 
cost 

    [MW] [%] [-] [a] [€/kW] [€/kW] [€/kW] [€/kW] [years] [€/kW] [€/kW]/a [€/MWh] [€/MWh] 
WP3 <10 90 0,57-0,80 40 900 1400 977 1519 2-5     25-1250 25-1250 

TIMES 0,2-1 93 0,6 70 5500 5500 5968 5968 1   55,0   10,5 
TIMES 1-50 93 0,6 80 3500 3500 3798 3798 1   45,0   8,6 

PRIMES     0,3 45 1419 1419 1540 1540     21,58   8,2 
2005 

OECD (1 0,7-14   0,25-0,50 30-60 1224 6119 1328 6639 1-5   3-108,4     
                            

WP3 <10 90 0,57-0,80 40 900 1400 977 1519 2-5     25-1250 25-1250 
TIMES 0,2-1 93 0,6 70 5500 5500 5968 5968 1   55,0   10,5 
TIMES 1-50 93 0,6 80 3500 3500 3798 3798 1   45,0   8,6 

2010 

PRIMES     0,3 45 1297 1297 1407 1407     21,58   8,2 
                  

WP3 <10 90 0,57-0,80 40 900 1400 977 1519 2-5     25-1250 25-1250 
TIMES 0,2-1 93 0,6 70 5500 5500 5968 5968 1   55,0   10,5 
TIMES 1-50 93 0,6 80 3500 3500 3798 3798 1   45,0   8,6 

2020 

PRIMES     0,3 45 1160 1160 1259 1259       0,006 0,0 
                 

WP3 <10 90 0,57-0,80 40 900 1400 977 1519 2-5     25-1250 25-1250 
TIMES 0,2-1 93 0,6 70 5500 5500 5968 5968 1   55,0   10,5 
TIMES 1-50 93 0,6 80 3500 3500 3798 3798 1   45,0   8,6 

2030 

PRIMES (2     0,3 45 1098 1098 1191 1191     21,58   8,2 
1) Exchange rate applied by OECD (as of July 1st, 2003): 1,144 Us$=1,00 €          
2) PRIMES data for 2025             
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Table A - 12: Reservoir Hydropower Plant - Reviewed Technology Characterisations 
Reservoir Hydropower Plant 

year source max. net 
el. 

power 
(busbar) 

 el. 
efficiency 
at el. peak 

load  

availability 
factor 

technical 
life time 

min. 
Overnight 

capital 
costs 

max. 
Overnight 

capital 
costs 

min. total 
investment 

costs 

max. total 
investment 

costs 

construction 
time 

spec. 
demolition 

costs 
(greenfield) 

fixed 
O&M cost

variable 
O&M 
cost 

total 
O&M 
cost 

    [MW] [%] [-] [a] [€/kW] [€/kW] [€/kW] [€/kW] [years] [€/kW] [€/kW]/a [€/MWh] [€/MWh] 
WP3 10-800 90 0,80-0,91 50+ 1400 1900 2056 2791 5-10     260-510 260-510 

TIMES 100 93 0,6 80 3500 3500 5141 5141 8   45,0   8,6 
PRIMES     0,17 60 1830 1830 2687 2687     36,37   24,4 

2005 

OECD (1 120       1399 1399 2054 2054     3     
                           

WP3 10-800 90 0,80-0,91 50+ 1400 1900 2056 2791 5-10     260-510 260-510 
TIMES 100 93 0,6 80 3500 3500 5141 5141 8   45,0   8,6 2010 

PRIMES     0,17 60     2177 2177     36,37   24,4 
               

WP3 10-800 90 0,80-0,91 50+ 1400 1900 2056 2791 5-10     260-510 260-510 
TIMES 100 93 0,6 80 3500 3500 5141 5141 8   45,0   8,6 2020 

PRIMES     0,17 60     2035 2035       0,02 0,0 
               

WP3 10-800 90 0,80-0,91 50+ 1400 1900 2056 2791 5-10     260-510 260-510 
TIMES 100 93 0,6 80 3500 3500 5141 5141 8   45,0   8,6 2030 

PRIMES (2     0,17 60     1963 1963     36,37   24,4 
1) Exchange rate applied by OECD (as of July 1st, 2003): 1,144 Us$=1,00 €          
2) PRIMES data for 2025             
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Table A - 13: Wind Power Generation Onshore - Reviewed Technology Characterisations 
Wind Power Generation Onshore 

year source max. net el. 
power 

(busbar) 

availability factor technical life 
time 

min. 
Overnight 

capital costs 

max. 
Overnight 

capital costs 

min. total 
investment 

costs 

max. total 
investment 

costs 

construction 
time 

fixed O&M 
cost 

variable 
O&M cost 

total O&M 
cost 

    [MW] [-] [a] [€/kW] [€/kW] [€/kW] [€/kW] [years] [€/kW]/a [€/MWh] [€/MWh] 
WP3 0.75-2 0,23 0,29 20 800 900 868 977 0,5   9 9 

TIMES 1,2 0,25 20 1170 1170 1269 1269 0,5 75,0   34,2 
PRIMES   0,16 15 991 991 1075 1075   20,16   14,4 
OECD (1 0,030-2 0,17 0,38 20 853 1274 926 1383 1-2 13-115     

2005 

VGB RoE(2         1000 1000 1085 1085         
                         

WP3 1,5-3 0,23 0,29 20 630 800 656 833 0,5   8 8 
TIMES 1,5 0,25 20 1000 1000 1042 1042 0,5 40,0   18,3 2010 

PRIMES   0,16 15   904 942 942   20,16   14,4 
                

WP3 3-5 0,23 0,29 20 500 600 521 625 0,5   7 7 
TIMES 1,5 0,25 20 980 980 1021 1021 0,5 40,0   18,3 2020 

PRIMES   0,16 15   825 859 859     0,011 0,0 
                

WP3 5 0,23 0,29 20 500 600 521 625 0,5   7 7 
TIMES 1,5 0,25 20 970 970 1010 1010 0,5 40,0   18,3 

PRIMES (2   0,16 15   786 819 819   20,16   14,4 
2030 

VGB RoE(2         909 909 986 986         

1) Exchange rate applied by OECD (as of July 1st, 2003): 1,144 Us$=1,00 €  

2) VGB EURELECTRIC study "Role of Electricity - Supply Block"; OIC = Invest EPC; total investment cost includes interest during construction with 8,5% interest rate   

3) PRIMES data for 2025            
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Table A - 14: Wind Power Generation Offshore - Reviewed Technology Characterisations 

Wind Power Generation Offshore 
year source max. net el. 

power per 
unit(busbar) 

max. net 
el. Power 
per farm 
(busbar) 

availability 
factor 

technical 
life time 

min. 
Overnight 

capital 
costs 

max. 
Overnight 

capital 
costs 

min. total 
investment 

costs 

max. total 
investment 

costs 

construction 
time 

fixed O&M 
cost 

variable 
O&M cost 

total O&M 
cost 

    [MW] [MW] [-] [a] [€/kW] [€/kW] [€/kW] [€/kW] [years] [€/kW]/a [€/MWh] [€/MWh] 
WP3 2   0,29 0,50 20 1550 1750 1682 1899 1   10-15 10-15 

TIMES     0,34           1 60   20,1 
PRIMES     0,23 15 1512 1512 1641 1641   24,17   12,0 
OECD (1   120-300 0,35 0,45   1431 2292 1553 2487   38-115     

2005 

VGB RoE(2 2,3 160 0,43 20 1545 1545 1677 1677       22,7 
                          

WP3 5-10   0,29 0,50 20 1100 1400 1194 1519 1   8-12 8-12 
TIMES 5   0,34 20 1650 1650 1790 1790 1 60   20,1 2010 

PRIMES     0,23   15 1383 1383 1500 1500   24,17   12,0 
                 

WP3 10-20   0,29 0,50 25 800 1200 868 1302 1   6-10 6-10 
TIMES 5   0,34 20 1570 1570 1703 1703 1 60   20,1 2020 

PRIMES     0,23 15 1237 1237 1342 1342   24,17 0,009 12,0 
                 

WP3 20   0,29 0,50 25 800 1200 868 1302 1   6-10 6-10 
TIMES 5   0,34 20 1540 1540 1671 1671 1 60   20,1 

PRIMES (3     0,23   15 1171 1171 1271 1271   24,17   12,0 
2030 

VGB RoE(2 5 500 0,46 20 1727 1727 1874 1874       22,7 
1) Exchange rate applied by OECD (as of July 1st, 2003): 1,144 Us$=1,00 €         
2) VGB EURELECTRIC study "Role of Electricity - Supply Block"; OIC = Invest EPC; total investment cost includes interest during construction with 8,5% interest rate  
3) PRIMES data for 2025             
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Table A - 15: Photovoltaic Electricity Generator - Reviewed Technology Characterisations 

Photovoltaic Electricity Generator 
year source max. net 

el. power 
(busbar) 

 el. 
efficiency 
at el. peak 

load  

availability 
factor 

technical 
life time 

min. 
Overnight 

capital costs

max. 
Overnight 

capital costs

min. total 
investment 

costs 

max. total 
investment 

costs 

construction 
time 

spec. 
demolition 

costs 
(greenfield) 

fixed O&M 
cost 

variable 
O&M cost 

total O&M 
cost 

    [MW] [%] [-] [a] [€/kW] [€/kW] [€/kW] [€/kW] [years] [€/kW] [€/kW]/a [€/MWh] [€/MWh] 
WP3 (1 >0,0001 10-14 0,15 40 4500 4500 4.611 4.611 <1  46,1   35,5 

TIMES (2 0,005 13 0,1 25 5.500 5.500 5.636 5.636 0,3   94,0   107,3 
TIMES (2 0,5 13 0,1 25 4.750 4.750 4.868 4.868 0,3   65,0   74,2 
PRIMES     0,14 15 3.083 3.083 3.159 3.159     33,83   27,6 

2005 

OECD 0,002-5   0,09-0,24 20-40 3.363 10.164 3.446 10.416     0-94     
                         

WP3 >0,0001 10-15 0,15 40 4.000 4.000 4.099 4.099 <1   41,0   31,5 
TIMES (2 0,002 13,8 0,1 25 4.000 4.000 4.099 4.099 0,3   40,0   45,7 
TIMES (2 0,5 14,3 0,1 25 2.950 2.950 3.023 3.023 0,3   29,4   33,6 

2010 

PRIMES     0,14 15 2.237 2.237 2.292 2.292     33,83   27,6 
               

WP3 >0,0001 15-25 0,15 50 2.000 2.000 2.050 2.050 <1   20,5   15,8 
TIMES (2 0,002 13,8 0,1 25 3.750 3.750 3.843 3.843 0,3   40,0   45,7 
TIMES (2 0,5 14,3 0,1 25 2.750 2.750 2.818 2.818 0,3   29,4   33,6 

2020 

PRIMES     0,14 15 1.490 1.490 1.527 1.527       0,009 0,0 
               

WP3 >0,0001 15-25 0,15 60 1.000 1.000 1.025 1.025 <1   10,2   7,9 
TIMES (2 0,002 13,8 0,1 25 3.000 3.000 3.074 3.074 0,3   40,0   45,7 
TIMES (2 0,5 14,3 0,1 25 2.500 2.500 2.562 2.562 0,3   29,4   33,6 

2030 

PRIMES (3     0,14 15 1.252 1.252 1.283 1.283     33,83   27,6 
1) WP 3: average system, large: PV operational time is heavily depening on the climate zone, where the panels have been installed.      
800 h/year refers to North-European climate zone, while 2000 h/year is typical in South-Europe.         
Currently the panels are installed most in areas, where the range of hours is 1100-1500 h/year.         
O&M cost: <1% of capital investment          
2) TIMES: PV plant size and roof panel, German values           
3) PRIMES data for 2025             
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Table A - 16: Biomass Electricity Generator - Reviewed Technology Characterisations 

Biomass Electricity Generator 
year source max. net 

el. power 
(busbar) 

 el. 
efficiency at 
el. peak load 

availability 
factor 

technical 
life time 

min. 
Overnight 

capital costs 

min. total 
investment 

costs 

construction 
time 

spec. 
demolition 

costs 
(greenfield) 

fixed O&M 
cost 

variable 
O&M cost 

total O&M 
cost 

    [MW] [%] [-] [a] [€/kW] [€/kW] [years] [€/kW] [€/kW]/a [€/MWh] [€/MWh] 
2005 WP3 (1 133 37,2 0,95 30 1.747 2.044 2     33,0 33,0 

                     
2010 WP3 (1 10-200 40 0,95 30 1.500 1.755 2     33,0 33,0 

             
2020 WP3 (1 10-200 50 0,95 30 1.250 1.462 2     33,0 33,0 

             
2030 WP3 (1   55 0,95 30 1.000 1.170 2     33,0 33,0 

1) WP 3: Gasification of solid biomass in a CHP plant         
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5. Regulatory and market framework of energy markets 
 

5.1. Introduction 
 
In the full report on this work package, firstly the current legislation and regulation of energy 
markets are discussed. In this first section, the content of the main European Directives and 
Regulations establishing the current energy market in Europe are discussed. Next, a state of affairs 
of the internal energy market is presented. Finally, boundary conditions and guidelines for the 
proper functioning of future energy markets are provided. 
 

5.2. Analysis of the current legislation & regulation 
 

5.2.1. The Directives 
 
Firstly, the two founding Directives 96/92/EC and 2003/54/EC concerning common rules for the 
internal market in electricity are being looked at. These Directives establish common rules for 
generation, transmission, distribution and supply of electric energy. Generally, the first Directive 
allowed nearly everything, except an integrated internal market. The second Directive 2003/54/EC 
is characterised by shorter-term deadlines and less freedom. This is reflected among others in the 
rules on market opening. Where the first Directive aimed at a slow, gradual and partial opening of 
the Member States' markets, the new Directive 2003/54/EC dramatically accelerated this process: 
all non-households customers are eligible from 1 July 2004 and all consumers will be eligible from 
1 July 2007. Also the access to the grid is regulated more strictly in the 2003 Directive. Under the 
first Directive, Member States could choose between negotiated or regulated third party access or 
the single buyer procedure when organising the access to the transmission and the distribution 
networks. Directive 2003/54/EC limits the options to one regime, being regulated third party 
access, and requires the appointment of a regulator, having to approve tariffs, monitor congestion 
management, and act as a dispute settlement authority. Under both Directives, Member States must 
designate one or more transmission and distribution system operators. While the first Directive 
required only an administrative unbundling of these network operators, the second goes a step 
further requiring legal unbundling. Both directives allow Member States to impose public service 
obligations on electricity undertakings in their market within one of the following five categories: 
security of supply, regularity, quality and price of supply and environmental protection, including 
energy efficiency and climate protection. Regarding the stimulation of investment in new capacity, 
the main instrument under the second Directive is the authorisation procedure. In case of 
insufficient investments in generation capacity when using such a procedure, Member States must 
stimulate investments in new capacity through a tendering procedure. 
 

5.2.2. Florence Forum and ERGEG 
 
The Directives set out the general framework and principles for the introduction of competition in 
the electric energy industry. However, in line with the principle of subsidiarity, much of the 
practical and technical details of implementation are left open to national interpretation. 
Nevertheless, while creating an internal market, co-operation and co-ordination between Member 
States are of vital importance. Therefore, the Electricity Regulatory Forum of Florence ("Florence 
Forum") was set up as consultative body to discuss the creation of a true internal electricity market. 
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Participants are national regulatory authorities, Member States, the European Commission, 
transmission system operators, electricity traders, consumers, network users, and power exchanges. 
Another advisory group established to assist the European Commission in consolidating the internal 
market is the European Regulators Group for Electricity and Gas (ERGEG). Its members are all 
regulators from the EU, with regulators from new Members States and the European Economic 
Area acting as observers. Also the Commission is represented and will keep the European 
Parliament informed on the Group’s activities on an annual basis. With the establishment of 
ERGEG, regulatory co-operation and co-ordination have been given a formal structure. ERGEG’s 
primary responsibility is to help ensure a consistent application in all Member States of the most 
recently adopted Directives and Regulations and to coordinate the preparation of the progress 
reports national electric energy regulators must publish yearly under the 2003 Electricity Directive. 
 

5.2.3. Congestion management and cross-border exchanges of electric energy 
 
Several initiatives have been taken to increase the amount of cross-border electricity trade. The 
European Union co-finances electricity and gas transmission infrastructure projects of European 
interest under the Trans-European Energy Networks program (TEN-E). A annual budget of about 
25 M€ is spent mainly for supporting feasibility studies. Also, Regulation 1228/2003 on conditions 
for access to the network for cross-border exchanges in electricity was issued. In this Regulation, a 
compensation mechanism for cross border flows is established and harmonised principles on cross-
border transmission charges and on the allocation of available interconnection capacities between 
national transmission systems are introduced. 
 

5.2.4. Security of energy supply 
 
In 2000, the European Commission adopted a Green Paper on Security of Energy Supply. The main 
incentive of this Green Paper was Europe’s constantly increasing external dependence for energy. 
The Green Paper outlines a long-term energy strategy with an emphasis on controlling demand by, 
for example, promoting more energy efficiency. Also, an analysis of the contribution of nuclear 
energy in the middle term is recommended, as well as a stronger mechanism to build up strategic 
stocks and to foresee new import routes for increasing amounts of oil and gas. 
 
The debate on the Green Paper resulted in 2003 in a Proposal for a Directive. The proposed 
Directive establishes measures aimed at ensuring the proper functioning of the EU internal market 
for electric energy by safeguarding adequacy of supply and by ensuring a sufficient level of 
interconnection capacity between Member States to ensure competition at European and national 
level. According to the Proposal, Member States have the duty to ensure that network operators 
comply with co-operation such as the UCTE’s operational handbook. The Proposal repeats that 
Member States are obliged to take appropriate measures, including supporting efficient use of 
energy as well as encouraging new generation companies to enter the market, to ensure that there is 
a balance between the supply of electric energy and the availability of generation capacity. It adds 
that Member States in particular have to require TSO’s to ensure an appropriate level of reserve 
capacity. In addition, Member States may take additional measures to achieve these objectives, 
including but not limited to: 
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• Promotion of demand management 
• Interruptible customers 
• Obligations on suppliers and\or generators 
• The establishment of a wholesale market framework with a sufficient number of 

competitors that provides suitable price signals for investment and consumption. 
 
Both for the transmission and distribution networks, investments in demand side management 
measures should be given priority in so far as they can replace the need for network or generation 
investments. Under the Proposal, TSO’s regularly have to submit a document setting out their 
investment intentions for the provision of an adequate level of cross-border interconnection 
capacity to the regulatory authority. After having approved investment plans, the regulatory 
authority has to take the TSO’s investment strategy into account when approving the methodology 
for network access tariffs and needs to ensure that TSOs are adequately rewarded for investments 
made. In the event that, for whatever reason, the TSO fails to make sufficient progress in important 
infrastructure projects, the regulatory authority is given certain rights to ensure that progress on the 
approved investment strategy is satisfactory, in particular by one of the three following measures: 
 

• Imposing financial penalties on TSO’s whose projects fall behind schedule. 
• Issuing an instruction to the TSO to undertake work by a certain date. 
• Arranging for work to be undertaken by a contractor through a tender process. 

 
5.2.5. Sustainable energy 

 
In 2001, a Directive on RES was issued aiming at increasing the contribution of RES to electric 
energy generation up to 12% of gross inland energy consumption from RES for the Community as 
a whole by 2010, of which electric energy would represent 22.1%. It concerns electric energy 
generated from non-fossil energy sources such as wind, solar, geothermal, wave, tidal, hydropower, 
biomass, landfill gas, sewage treatment plant gas and biogases. In the Directive, national indicative 
targets for the share of electric energy generated from renewable energy sources in gross electric 
energy consumption for 2010 are published. In order to attain these targets Member States can 
apply mechanisms according to which a generator of electric energy receives direct or indirect 
support. According to the Directive, by the end of 2005 the Commission should present a report on 
the experience gained concerning the application and coexistence of the different support schemes 
in the Member States. If necessary, this report will be accompanied by a proposal for a Community 
framework for support schemes for RES-E. Also according to the Directive, Member States should 
issue guarantees of origin to enable RES-E generators to prove that the electric energy they sell is 
generated from RES. These guarantees of origin are to be mutually recognised by the Member 
States, exclusively as proof of electrical energy’s origin. One major barrier to the further 
development of RES-E is the administrative and planning procedures that potential generators must 
respect, which is particularly a problem for small and medium-sized companies (SMEs), making up 
a significant share of companies in this sector. With this in mind, Member States are required to 
review their existing legislative and regulatory frameworks concerning authorisation procedures in 
order to reduce obstacles. Moreover, connection to the grid can be expensive for generators of 
RES-E. To this end, Member States are to require network operators among other things: 
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• To guarantee the transmission and distribution of RES-E. Member States may agree on 
priority access for RES-E. When dispatching generation installations, priority shall be given 
to installations using RES insofar as the operation of the national electricity system permits. 

• To define and publish standard rules on responsibility for the costs of technical adaptations 
needed to enable a new RES-E generator to feed its electric energy into the grid. The 
Member States may require network operators to bear some or all of these costs.  

Member States must ensure that transmission and distribution costs do not in any way discriminate 
against RES-E. Member States are also required to examine measures to be taken to facilitate the 
access of RES-E to the grid, considering in particular the need to introduce two-way metering. 
 
In 2004, a Directive has been issued on the promotion of cogeneration, employing similar 
principles regarding support schemes, guarantees of origin, grid connection issues and so on. 
However, for cogeneration no national indicative targets are published. Member States must 
analyse the national potential for the application of high-efficiency cogeneration. In the Directive, 
“high efficiency cogeneration” is defined as combined generation of heat and electric energy 
resulting in energy savings of at least 10%, compared to separate production. The Directive aims at 
establishing a harmonised method for calculation of energy savings by CHP. The Commission must 
by 21 February 2006 establish harmonised efficiency reference values for separate production of 
electric energy and heat for the purpose of determining the efficiency of CHP. The Commission 
will review these harmonised values every four years, to take account of technological 
developments and changes in the distribution of energy sources. 
 

5.2.6. Climate Change 
 
In 2002, the European Union ratified the Kyoto Protocol to the United Nations Framework 
Convention on Climate Change. By this, the EU-15 committed themselves to reduce their collective 
emissions of the six key greenhouse gases by at least 8% during the period 2008 to 2012 compared 
to 1990-levels. The Member States distributed this target among themselves using a so-called 
“bubble”. Equally New Member States are assigned individual targets under the Kyoto Protocol. In 
order to achieve the emission reduction objectives in the most cost-effective way, the Kyoto 
Protocol allows 3 flexible mechanisms: Joint Implementation (JI), Emission Trading (ET) and the 
Clean Development Mechanism (CDM). As of 1 January 2005, an emission trading scheme is in 
operation in the European Union. Initially it is limited to CO2 and to the energy sector, iron and 
steel production and processing, the mineral industry and the wood pulp, paper and card industry, 
but it can easily be expanded to other greenhouse gases and sectors. It starts with an initial three-
year commitment period, followed by subsequent five-year periods as of 2008. In this context, 
"allowance" means the entitlement to emit a ton of CO2 or an amount of any other greenhouse gas 
with an equivalent global warming potential during a specified period. 
 
The Directive stipulates that from 1 January 2005, all installations in the sectors mentioned that are 
emitting the greenhouse gases included must be in possession of an appropriate permit issued by 
the competent authorities. Each Member State draws up a national plan, indicating the allowances it 
intends to allocate for the relevant period and how it proposes to allocate them to each installation. 
At least 95% of the allowances for the initial three-year period are allocated to the installations free 
of charge. For the five-year period beginning 1 January 2008, Member States must allocate 90% of 
the allowances free of charge. Allowances issued by a competent authority of another Member 
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State must be recognised for the purpose of meeting an operator’s obligations. Any operator failing 
to surrender the required quantity of allowances is obliged to pay an excess emissions penalty. The 
penalty is €100 for each ton of CO2 equivalent (€40 during the first three-year period starting on 1 
January 2005) and does not release the operator from the obligation to surrender an amount of 
allowances equal to the excess emissions the following year. Member States shall provide for the 
establishment and maintenance of a registry in order to ensure accurate accounting of the issue, 
transfer and cancellation of allowances. 
 
The so-called “Linking Directive” of 2004 reinforces the link between the Union's emission 
allowance trading scheme and the Kyoto Protocol by making the latter's "project-based" 
mechanisms (JI and CDM) compatible with the scheme. This linking enables operators as of the 
five-year period starting 1 January 2008 to use allowances obtained by both mechanisms in the 
allowance trading scheme to fulfill their obligations. During the first three-year period, only credits 
from projects under CDM can be used in the Community scheme. According to the Kyoto Protocol, 
the project-based mechanisms should be supplemental to domestic action. Therefore, Member 
States should decide on limits for the use of credits from CDM/JI. 
 

5.2.7. Current state of affairs on electricity markets 
 
To what extent the regulatory framework described above has resulted in a true European internal 
energy market can be evaluated based on the overall progress reports issued yearly by the 
Commission. Besides these annual progress reports, the European Commission publishes annual 
benchmarking reports, providing an overview of market opening, third party access, unbundling, 
etc. per Member State. Also, the Commission has recently published a detailed report outlining the 
progress made on creating the internal electricity market requested by the 2003 Directive. 
 
In this report, the lack of integration between national markets is identified as the most important 
and persistent shortcoming of the internal market. Two key indicators are mentioned in this respect: 
the absence of price convergence across the EU and the low level of cross-border trade. These are 
said to be generally due to the existence of barriers to entry, inadequate use of existing 
infrastructure and insufficient interconnection capacity between many Member States, leading to 
congestion. Moreover, according to Regulation 1228/2003 non-discriminatory market based 
mechanisms have to be applied for the allocation of capacity on congested interconnectors from 1 
July 2004 onwards. This has not happened in all cases. Many delays have been recorded and not all 
Member States have complied with this deadline. 
 
Moreover, it is reported that many national markets display a high degree of concentration and 
industry has been further consolidating since market opening started, impeding the development of 
effective competition. In addition, an increasing number of cross-border acquisitions and a 
tendency towards vertical integration between generation and supply in some Member States are 
observed. Another indicator of the lack of real competition raised is the fact that switching by 
customers remains limited in most Member States, and that choosing a new supplier from another 
Member State remains the exception. 
 
Full, complete and effective implementation of the second Directives is said to be the main 
immediate action necessary. Most Member States missed the deadline of 1 July 2004 for their 
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transposition, some not yet having them implemented at all. On top of that, many have taken a 
rather “minimalist” approach in implementing the Directives, which needs to be re-considered. The 
Commission states they will continue to insist on compliance, and already opened infringement 
procedures against Member States for failure to implement the Directives.  
 

5.3. Specification of boundary conditions and guidelines for proper 
functioning of future energy markets 

 
In March 2004, the European Commission’s DG for Energy and Transport proposed a practical 
way forward in its medium term Strategy Paper, which sets out the Commission’s vision on the 
development towards an internal electric energy market. Moreover, there is a broad consensus 
within the industry regarding its content since this document has been compiled in response to the 
request and with the co-operation of the participants in the Florence Forum. Also academics have 
expressed their view on the development of the electric energy market in Europe. The “Sustainable 
Energy Specific Support Assessment” project (SESSA project), funded by the Sixth EU RTD 
Framework Programme and grouping researchers as well as energy stakeholders, was closed in 
September 2005 by the conference "Implementing the Internal Market of Electric energy: Proposals 
and Time-Tables". From the SESSA research program, 20 priorities on what to do next were 
derived. In the second part of this fourth work package, seven key action areas are discussed based 
on the Commission’s view on the main issues presented in its Strategy Paper, supplemented with 
positions of various industry groups. Finally, a section is added on the technical consequences and 
implications of regulatory decisions. 
 

5.3.1. Increasing role of regional markets 
 
The reality of today’s electric energy network is that Member States are electrically not particularly 
well interconnected. In addition, certain countries have already adopted common harmonised rules 
that, in some cases, go beyond those envisaged by the 2003 Directive and the Regulation on cross-
border trade. Therefore, the development of regional markets, not defined according to mere 
geographical criteria but containing Member States between which interconnection is reasonably 
strong, may be a necessary interim stage. The proposed approach is that a pan-European market 
should evolve through the development of these regional markets which should then be linked 
together to form the internal electric energy market. Within these regional markets, a more 
developed harmonisation of the regulatory approach taken to most or all issues, is expected, 
including degree of market opening, determination of transmission tariffs, rules for bilateral trading 
and congestion management methodologies involving standardised day ahead and intraday markets. 
In some cases, regulations governing balancing and ancillary services might also be harmonised to 
some degree. However, any such effort needs to take into account, for example, the different 
generation plant characteristics in Member States and the costs involved in implementing such 
measures. 
 

5.3.2. Integrating markets 
 
Increasing coupling between member state submarkets is another step to be taken in the 
development of the European internal electric energy market. In its road map to a pan-European 
market, Eurelectric declares that a series of strongly interlinked wholesale markets resulting in as 
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large price areas as possible and ultimately – if possible – in one single pan-European price area is 
the way towards a well functioning pan-European market for electric energy. Therefore, 
participants of different national or regional wholesale markets must be able to act in different 
markets and consequently a high level of compatibility in structures, market rules and the 
regulatory framework is needed, although full harmonisation is not required. According to 
Eurelectric, it is essential that marketplaces fulfil at least the following criteria: 
 

• Have a sufficient number of market participants in the day-ahead and forward markets, in 
particular more large consumers from the demand side; 

• Provide transparent access to common sets of market information;  
• Have market-based mechanisms for congestion management;  
• Have liquid day-ahead and forward markets and open balancing and intra-day markets with 

trustworthy prices. 
 
The need for a balancing market is also stressed in the SESSA research program and the second 
Directive. Also at the Florence mini-for a, the further integration of European electric energy 
markets through regional intra-day and balancing markets is said to be beneficial and feasible. 
 

5.3.3. Developing cross-border trade: transmission tarification and congestion 
management 

 
According to the Commission’s Strategy Paper, the following specific objectives should be pursued 
in the medium term in the context of cross-border trade: 
 

• Inter TSO compensation should allow for suitable compensation between Member States 
for, as a minimum, transit flows and other cross border flows in some cases; 

• Transmission charges on generators should be harmonised within a fairly narrow range 
with, if appropriate, some locational signals introduced at EU level; 

• Interconnection capacity should be allocated by non-discriminatory, market based 
mechanisms consisting of either:  

o within regional markets, a single common co-ordinated market-based mechanism 
which allows for both “market coupling” encompassing existing day-ahead and 
possibly intra-day spot markets via the adoption of a common timetable, as well as 
long term financial hedging; 

o between regional markets, specific market based mechanisms which as far as 
possible allow for coupling of wholesale markets;  

• A high degree of transparency should be provided to network users, including publication of 
necessary data relating to transport capabilities of interconnector lines. 

 
Finally, in this context it is important to review the rules used by TSOs to deal with internal 
transmission congestion. TSOs should not, in general, be permitted to systematically transform 
internal constraints into constraints at borders. This is for example done in Nordel, where it is the 
rule that all internal problems are shifted as much as possible to the borders, after which the market 
is splitted. Reasonable balance must be drawn between the needs of national network users and 
those from other Member States. 
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Congestion management was also the topic of a separate round of regional Florence mini-fora 
organised end of 2004 and the beginning of 2005. Resulting from the mini-fora, there are plans now 
for all interconnectors with non-market based capacity allocation methods to move to market based 
methods by the beginning of 2006. ERGEG stated in its overall assessment of the mini-fora that a 
compatible congestion management method for Europe must be able to accommodate both implicit 
and explicit auctions, with explicit auctioning being the minimum requirement for congested 
interconnectors in Europe. 
 

5.3.4. Reduction of market concentration 
 
According to the Strategy Paper, Member States should seek to dilute the market power of 
dominant generating companies and\or to prevent the abuse of dominant positions as follows: 

• Investment and capacity release could be used in some cases to reduce the level of 
concentration, with reciprocal measures between two or more Member States with similar 
concentration problems; 

• Appropriate design of mechanisms to allocate interconnector capacity should mitigate and 
not add to market power problems within certain Member States and regions; 

• Market design should encourage an appropriate mix of both short term trading and longer 
term bilateral arrangements in order to avoid encouraging collusion; 

• The relevant authorities should, on the basis of the necessary information provided by TSOs 
and power exchanges, monitor the behaviour of market participants closely and should act, 
using, inter alia, existing competition law and other relevant legislation, to protect 
consumers from manipulation: ad-hoc intervention in the market should be avoided and this 
points to the embedment of appropriate market rules designed to prevent undesired 
manipulations; 

• Generators should be required to make transparent, in a consistent manner at European 
level, their decisions on the availability of generation plants and, where appropriate provide 
forecasts of availability; 

• Demand side participation in wholesale and balancing markets should be encouraged in 
order to significantly increase the elasticity of demand for electric energy within individual 
settlement periods and thus reduce the scope for abuse of dominant positions. 

 
Despite the need for some measures to reduce market dominance, it is also important to 
acknowledge that some of the expected benefits of competition are likely to arise from 
consolidation to take advantage of economies of scale and scope that exist in this capital intensive 
industry. Companies should not, in principle, be prevented from taking such actions to improve 
their performance provided that customers are protected from monopolistic or oligipolistic practices 
and that new entrants and smaller companies are not unduly disadvantaged. This comment is also 
made by Eurelectric, that underlines the fact that big players should not be considered responsible 
for the fact that their size is already of a European dimension whereas the market dimension is 
lagging behind. Eurelectric notes that the electric energy sector is a capital intensive industry and 
that the critical mass therefore is rather large. In their opinion, calling for divestment and related 
measures merely because of the size of market players would constitute unfair discrimination 
inconsistent with competition law. There, it is a consistent principle that dominant players in a 
market do not raise any concern as long as these players do not abuse their dominant position: 
according to Eurelectric, behaviour and not size should be the criterion. 
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5.3.5. Adequacy of supply 
 
It is necessary for Member States and Regulators to decide what approach they intend to take to the 
issue of maintaining the balance between supply and demand and stick to it. The Commission’s 
Strategy paper stated that ad-hoc intervention in electric energy markets should be avoided. The 
proposed Directive on Infrastructure and Security of Supply therefore requires Member States to 
publish their approach to this issue. A clearly stated approach is vitally important to obtain a stable 
“market design” at national level in order to encourage the appropriate investments. The proposal 
also seeks to clarify the responsibilities, in particular, of transmission system operators in ensuring 
the ongoing balance between supply and demand in real time. The proposed Directive does not, at 
this stage, explore a more fundamental question about whether the issue of adequacy of supply 
should be dealt with at national or regional level. From the point of view of economic efficiency, it 
is clearly of benefit if Member States can share reserve capacity since it means a lower level of 
reserve is needed in each individual Member State. However at the very least, in an integrated 
market, a strong unilateral approach to adequacy of supply would not be appropriate. This has 
implications for treatment of interconnection capacity if one country is relying on another to 
provide reserve capacity. It also means that there needs to be a clear code of conduct on TSOs 
wishing to take action to restrict cross border flows in emergency situations. 
 
A different issue relating to generation investments are the procedures required in terms of 
authorisation and planning approval. The process may be unnecessarily heavy in some Member 
States and be an unnecessary obstacle to investment. A more streamlined and harmonised process 
would remove such obstacles. It may be that a comparison of the authorisation and planning 
process between Member States would allow for the spread of a best practice approach. 
 

5.3.6. Consistent support framework for sustainable energy 
 
Although this is not a requirement of the Directive, Member States are encouraged to develop 
schemes to promote RES and CHP being the least interfering with competition and consistent in 
terms of the basic framework and include mutual recognition of energy generated from RES/CHP. 
This would have the advantage of establishing competition at two levels: in the generation market 
for conventional fuels as well as, separately, in the green market and this would be expected to 
increase the cost effectiveness of support. Existing support schemes should therefore be reviewed 
with a view to bringing them further in line with market mechanisms. Due attention must be given 
to avoid disproportionate distortions of the market, in particular through Member States adopting 
different and potentially incompatible policies. 
 
The different support schemes for RES, CHP, energy efficiency and the ETS will interact and have 
an important impact on the functioning of the electric energy market. Because of the different goals 
these different programmes pursue they might reduce each others efficiency. Therefore, interactions 
between these different programmes should be carefully monitored to guarantee that one 
programme’s targets do not counteract another. In a recent report published by the European 
Commissions DG for Environment, the interactions between the EU ETS and certificate systems 
are discussed. This report illustrates that the presence of these different programmes on one hand 
influence key variables of the electric energy market such as the wholesale and retail electric 
energy price, the demand for electric energy and so on. On the other hand, it is shown that one 
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programme might affect the goals of the others and that these programmes interact in complicated 
ways, with interactions transmitted through wholesale and retail electric energy markets, through 
markets for the various commodities created by the programmes (i.e., CO2 allowances, green 
certificates, and white certificates), and through other markets (e.g., fuel, labour). 
 
Besides the different goals and interactions of the different support schemes, another issue to 
consider is a possible European harmonisation of support schemes for RES and CHP. On 
7 December 2005, the Commission published a report on the support for RES. The currently 
implemented support schemes were assessed based on their level, effectiveness and investor’s 
profit per technology. As expected, the Commission did not regard it as appropriate to present at 
this stage a harmonised European support scheme. Instead, it calls for a coordinated approach based 
on two pillars: cooperation between countries and optimisation of the impact of national schemes. 
 

5.3.7. Consistent regulation 
 
Interactions between Directives and Regulations do not only occur in the field of sustainable 
energy. Eurelectric showed that in the energy field, a number of Directives reinforce and support 
each other, but that there is also evidence of conflicting effects among a number of Directives. Such 
inconsistencies have the potential to create confusion and uncertainty and, in the case of the electric 
energy industry, tend to increase the industry’s risks and costs. They could in some cases even 
undermine the ability of the industry to deliver efficiently on energy policy goals. In the EU 
regulatory and law-making process the single energy market, security of supply and environmental 
sustainability are on a separate agenda. This could result in failures instead of synergies. For 
instance, renewable energy policies often raise new obstacles to competition on wholesale markets 
and to availability of interconnections. The regulatory framework in the energy field, as in all other 
areas, should be coherent and consistent with the general framework of a single European market. 
 

5.3.8. Technical consequences and implications of regulatory decisions 
 
The European Internal Electricity Market is not only governed by legislation, but also by the laws 
of physics. Therefore, the legislative and regulatory framework has to comply with the technical 
boundary conditions. This is vitally important when considering the representation of the electricity 
grid, where a choice has to be made between simplicity and correctness. 
 
The European electricity grid is quite well interconnected. Especially in the UCTE area, power 
flows in virtually any region influence the remainder of the synchronous area. However, the general 
grid management philosophy applied in Europe is that the internal networks of each country are 
strong enough to accommodate any possible internal load and generation dispatch: the control 
zones are considered to be copper plates. The main constraints are assumed to be located on the 
international interconnections. This makes Europe a zonal market, with the control areas (generally 
countries) treated as copper-plates connected with thin threads representing the constraints on 
cross-border flows. The consequence of this zonal approach to grid management is the treatment of 
cross-border capacity. As in a zonal model each country is represented by its equivalent node, it is 
impossible to capture the influence of the internal dispatch on individual cross-border lines. 
Moreover, due to the highly meshed nature of the European grid, even in the presence of balanced 
control areas (no imports/exports) there are significant power flows on the cross-border lines. 
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Zonal models are the easiest to implement and are most commonly used in market models, where in 
each country there is one price, and where a market between neighbouring countries can exist. This 
model however disregards the difference between transmission capacity and transfer capacity, 
introducing difficulties. Physically, the electrical grid consists of nodes connected by lines and/or 
transformers. However, in a zonal model, clusters of nodes (typically belonging to the same control 
area or a country) are aggregated into zones. Such zones are considered as copper-plates, i.e. 
internal transmission constraints are ignored. Zones are connected to other areas by means of 
virtual links, which in some way aggregate the transmission capacity of individual, physical lines 
linking nodes belonging to both zones. The capacity of these virtual links is designated as transfer 
capacity. 
 
Since the TSO’s must ensure that the power flows always comply with security limits, some 
restrictions might be put on the cross-border flows. These limits are expressed in terms of cross-
border transfer capacities, giving the maximum power exchange between the zones concerned. 
However, the latter is not equal to the sum of the physical capacities, but is a result of existing or 
forecasted network conditions, strongly depending on nodal power injections and power flow 
patterns. 
 
Aggregated transfer capacities in a zonal network model can also be affected by the shifts of 
generation within a control zone, as they influence the power flows on the interconnections. 
Depending on network topology and predictability of the internal dispatch pattern, variations of 
nodal power injections can have a significant influence on the variation of cross-border flows. 
Therefore, these capacities are very sensitive not only to the investments (reinforcement of cross-
border interconnection, new transmission lines, FACTS and other flow control devices), but also to 
the changing load and generation pattern. However, both investment decisions and changing power 
flow patterns are difficult to forecast. Additionally, increased penetration of unpredictable wind 
energy systems leads to less predictability of the load generation dispatch, negatively influencing 
the accuracy of the zonal network representation and the capacity available for trade. 
 
Distribution of power flows in the grid can be simulated using either full AC power flow or a 
simplified DC approximation. The DC method introduces a number of simplifications in the way 
the grid is studied (i.e. neglects line resistances and reactive power management), but, provided 
certain criteria are met, it proves to be sufficient to model active power flows. Thanks to its 
robustness and simplicity the method is very often employed for techno-economic studies. 
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6. Determination of the total social cost of electricity generation 
 

6.1. Average Lifetime Levelised Generation Costs (ALLGC) 
 
The levelised cost calculations incorporate all the expenses associated with a project over the entire 
lifetime. Not only the investments but also the interest charges on borrowed funds needed to 
finance the construction and desired rate of return on investment are considered, and all running 
costs. The levelised cost calculation presents the expenses and revenues as a real annuity where the 
payments are assumed to be for the same Euro amount in every year of the plant’s lifetime. The 
levelised costs enable to make a more objective economical comparison between different energy 
options. 
 
The private cost of generating electricity may include in addition to the average lifetime levelised 
generation cost (ALLGC) also other cost items that may vary from region to region, from time to 
time. Such cost items may be for example environmental taxes on fuels, carbon emission charges, 
system integration costs, etc. For the sake of clarity and comparability, only the levelised costs 
(ALLGC) are reported here although this work package also produced some indicative numbers on 
the private costs as well. 
 
The levelised cost of produced energy cene is determined by the fixed and variable costs of the 
energy generation technology in question. In a simple generalised form it can be presented in the 
following way: 
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where 
cfuel  fuel cost 
cinv  investment cost 
coem  operation and maintenance cost 
E  net yearly electricity production 
d  discount factor (d)  
 
The discount factor d is defined by the effective interest rate (r) and the life-time of the investment 
(tlife): 
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In the EUSUSTEL calculations to be shown, the input data used originates from the work package 
on the technologies. For the interest rate two values were used: 5% and 10%. The levelised costs 
were calculated for 2005, 2010, 2020, and 2030. Prices for near shore and long distance conditions 
were considered. It should also be pointed out that the assumptions made on investments and fuel 
costs impose a natural uncertainty in the analysis to be followed, in particular the 2020-2030 values 
include already a clear uncertainty. The basic calculations were made by the Stuttgart University. 
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Table 13shows a summary of the levelised cost of main electric generation technologies with a 5% 
discount rate and Table 14 for 10%, respectively. 
 

i=5% 2005 2010 2020 2030 
Coal-fired PCC 26-31 25-30 22-29 21-30 
Coal IGCC - 29-35 28-33 27-33 
Natural gas (CCGT) 56-59 52-58 53-55 53-55 
Nuclear 24-27 24-27 24-27 24-27 
CHP (NG) 40-54 38-55 39-54 37-56 
Biomass 47 47 45 42 
Small hydro 33-1267 33-1267 33-1267 33-1267 
PV 250-303 106-222 57-106 33-51 
Wind 35-73 29-41 20-45 20-45 
Fuel cells (NG) 140-595 - - - 

Table 13 Levelised cost of different electricity generation technologies; r = 5% and near shore 
conditions 

i=10% 2005 2010 2020 2030 
Coal-fired PCC 37-39 36-37 29-38 28-39 
Coal IGCC - 39-47 37-45 36-44 
Natural gas (CCGT) 59-62 58-61 58-60 57-60 
Nuclear 35-41 35-42 35-42 35-42 
CHP (NG) 57-63 56-59 42-59 41-60 
Biomass 58 57 53 49 
Small hydro 40-1282 40-1282 40-1282 40-1282 
PV 409-495 153-364 84-180 50-89 
Wind 48-104 39-83 28-67 28-67 
Fuel cells (NG) 163-768 - - - 

Table 14 Levelised cost of different electricity generation technologies; r = 10% and near shore 
conditions 

The cost of electricity is given as an interval because of the span in input values and operational 
conditions; for example the lower values for wind correspond to onshore and higher to offshore 
conditions, respectively. A more detailed description of the cost calculation and input values can be 
found in the full work package report. 
 
A few interesting observations can be made from Table 13 and Table 14: 
 

• coal-fired and nuclear condensing power have close to same generation costs and rank best 
in the comparison; 

• new technologies show an impressive progress in cost reduction over time; cost of on-shore 
wind fully competes with traditional base load power plants from 2020 onwards and may 
even provide the cheapest electricity of all generation technologies; 

• the choice of the interest rate influences as expected the electricity cost of investment 
heavily, but this does not essentially change the mutual ranking; 
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• the cost reductions for mature technologies such as natural gas, nuclear and coal-fired 
power generation turn out to be quite small up to 2030; 

• the largest cost reductions are expected with photovoltaics, or a factor of 5-6 from today up 
to 2030; but this requires a true market breakthrough of PV in large scale. 

 
Finally, the above cost estimates from the EUSUSTEL analysis were compared to recent other 
studies reported, namely with IEA’s World Energy Outlook 2006 and the US International Energy 
Outlook 2006. The exact economic parameters used in these studies were not known in full detail. 
Also, the numbers given are more applicable globally than on a regional (e.g. European) basis. 
 
In the recent World Energy Outlook 2006 issued by the International Energy Agency, the electricity 
generating costs for base load technologies ranges from slightly under 40$/MWh to close to 
80 $/MWh. The CCGT is expected to be between 50 and 70 $/MWh while the coal-fired plants 40 - 
60 $/MWh in the OECD markets. Whereas coal may loose its competitiveness in the European 
market due to the Emission Trading Systems (ETS), the coal-fired generation is and will remain 
competitive elsewhere including the US. Nuclear comes to 47 - 57 $/MWh (capital cost 2000 - 
2500 $/kW) and wind 50 - 77$/MWh (900 - 1100 $/kW for onshore wind). 

 
The US International Energy Outlook 2006 data is shown in Table 15 indicating quite small 
differences in the costs between the four different technologies considered. The levelised 
generation cost comes around 55 $/MWh. 

 

 
Table 15 US DOE cost estimates for different electricity generation technologies 

 
We have compared the costs from the three sources in Table 16 (1€ = 1.3$). 
 

Energy 
technology 

EUSUSTEL 
(5%) 

EUSUSTEL 
(10%) 

IEA/WEO 
2006 

US DOE/IEO 
2006 

coal fired  26-31 37-39 31-46 41 
natural gas 56-59 59-62 39-54 40 
nuclear 24-27 35-41 36-43 46 
wind 35-73 48-104 39-59 43 

Table 16 Comparison of the levelised cost of electricity generation in three studies (€/MWh) 
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The most striking difference is in the cost of natural gas electricity (CCGT) which is clearly higher 
in EUSUSTEL than in the two other studies. Nuclear power comes also much cheaper in 
EUSUSTEL as well as the coal-fired power. The range of wind power cost is much broader in 
EUSUSTEL though the lowest cost estimates appear slightly lower in EUSUSTEL than in the other 
sources. 
 

6.2. Considerations on ‘shadow costs’ such as back-up costs, risk premium, 
etc. 

 
Shadow costs for intermittent sources such as wind power appear where constraints arising due to 
that wind power exist. The costs occurring due to wind power that cannot be accounted for directly 
in the costs such as the investment or operations and maintenance costs; are referred to as “backup 
costs”. The backup cost of wind has its origin in the uncertainty regarding wind as an energy source 
and the measures that have to be taken to cope with it. The inclusion of wind energy may be to the 
detriment of reliability and might increase the total system cost. Risk of failures of the system 
might increase with the introduction of wind without the inclusion of additional measures. 
Reliability issues, both on the adequacy and the security level arise. A certain risk premium 
attributed to wind power can become necessary. 
 
Intermittency is a phenomenon related to the use of some renewable energy sources. These sources 
have their output driven by environmental conditions mainly outside the control of the generators 
or the system operators. Examples are wind power, photovoltaic cells (PV) and combined heat and 
power (CHP). The inflexibility, variability, and relative unpredictability of intermittent energy 
sources are the most obvious barriers to an easy integration and widespread application of wind 
power. Wind energy, which form the focus of this report shows intermittency on different time 
scales and varies differently according to geographical spread. Apart from the intermittency, the 
technology is also relatively new. Information about wind power is not based on the same amount 
of experience as for conventional technologies. 
 
Utilities attempt to uphold a minimum level of reliability while at the same time minimizing system 
costs. As in any incorporation of an element into a system, adjustments to this system have to be 
made to allow for an efficient and cost effective operation. The magnitude of these adjustments 
depends on the type and volume of these elements and the composition of the system. There is 
reason to believe that the integration of wind power or any other intermittent energy source in the 
electricity generation system will have an impact, certainly when considering the amounts 
mentioned by several investment plans of countries all over the world. 
 
The backup cost is a specific type of cost. In short it defines all the costs that are added to the 
electricity generation system due to the integration of, in this specific case, intermittent power 
sources. It does not include the costs that are related to the investment or operation of the wind 
turbines themselves. Just like any other type of cost it can be seen on short and long term. On the 
short term, all relevant decisions have to be made taking into account the configuration of the 
electricity generation system with no additional investments. Speaking in economic terms, the short 
term is too short to change the system fundamentally. This addition of new capacity is an element 
that does come into play when operating on the long term. In the long term, investment in new 
capacity becomes a possibility. This allows market players to choose from a larger radius of options 
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to achieve the most cost efficient delivery of electricity and its related services, under the 
considered boundaries. Different issues arise when considering the intermittency of wind power at 
various terms. These two different horizons allow for a clear distinction between operational and 
capacity issues. Assuming that investment decisions only arise when considering capacity related 
problems, it is possible to assign all operational actions to the short term and the capacity related 
matters to the long term. 
 
Looking more into detail to the operational component of backup for intermittent electricity 
sources, a distinction can be made between the balancing issues and non-balancing issues. 
Expressed in time horizon terms, balancing is what happens after gate closure, mostly under the 
responsibility of the TSO. The balancing of intermittent sources should preferably not be seen on 
its own but rather in the context of the entire system. Because of load and the different power 
sources not being correlated, there will be a significant reduction in balancing needs for the totality 
of a system when compared to the sum of its elements. The non-balancing part of operation backup 
on the other hand belongs to the time span before gate closure time, during which the day-ahead 
unit commitment takes place. Generation units have to be appointed to cover the expected load for 
a given period. Since this commitment is based upon forecasts, a certain amount of reserves has to 
be foreseen as well. The more unpredictable a system becomes, the higher this reserve margin 
should be. 
 
When considering the capacity component of the backup for intermittent sources, two related 
elements come into play. On the one hand there is the investment option, on the other hand the 
capacity credit of intermittent sources. An electricity generation system has to be able to provide a 
very reliable electricity output at all times and for this purpose; adjustments to the system might 
become necessary for a proper integration of wind energy. There are several measures to assess the 
adequacy of an electricity generation system. The most known are the Loss-of-load probability 
(LOLP), Loss-of-load expectation (LOLE) and the Loss-of-energy expectation (LOEE).  
 
Related to all these backup requirements, backup costs arise. Generally speaking, large, less reliable 
and unpredictable power plants tend to increase system costs, whereas smaller, flexible and 
predictable generators tend to reduce these costs. Intermittent energy sources belong to the first 
category. Inflexible and lesser reliable plants demand more services from the rest of the system 
they are integrated into. Backup costs are the additional costs wind power integration leads to, apart 
from its generation costs. The costs related to integration in the electricity generation system have 
to be seen in this context. Balancing costs, unit commitment costs and capacity costs can be 
discerned. Apart from that, it is also important to remark the additional adjustments that sometimes 
have to be made to the grid, as well as the fact that wind power might also provide benefits to the 
system due to its particular characteristics. 
 

6.3. Identification of the differences in CO2 emissions due to electricity 
generation, depending on the different generation systems in the EU-25 
countries 

 
In the work package on electricity generation and system integration, the consequences of the large 
scale introduction of CHP have been studied in detail. As a conclusion, the necessity for the use of 
a detailed simulation model to bring into account the dynamic effects of the park, came forward. As 
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most “normal” simulation codes make only a static analysis or a much simplified dynamic one, 
investment consequences, effects on GHG’s, etc. are not taken into account and it is difficult to 
estimate the effect of simultaneous supply and demand actions. The properties of the average 
system are not relevant because incremental changes in demand only affect the activation of this 
limited number of plants, characterised by their own emissions, efficiency and fuel costs. 
 
In this work package, the analysis is lifted to a higher level, in which not is only looked at the 
influence of the large scale introduction of cogeneration, but also of other technologies like wind, 
solar and biomass. In another section, different methods to implement the intermittent character of 
generation sources (focus on wind) are analysed and in a last section, the impact of the same 
measure in different member states is compared. That section will deal with the introduction of heat 
pumps in Belgium, France, Germany and The Netherlands. 
 
All results are based on the simulation code PROMIX. As discussed before, although this model 
has been developed for the Belgian generation park, the results can easily be interpreted into a 
larger context. From a modelling point of view, the Belgian power system is very interesting, due to 
its variety in power plants: nuclear base-load units, coal- and gas-fired mid-load units, gas- and oil-
fired peak units and hydro pumped-storage units. To analyse the influences on the other generation 
parks, PROMIX has been enlarged with the generation park of France, Germany and The 
Netherlands. 
 
The simulations illustrate that overall emissions can be significantly reduced whenever biomass 
units are installed and whenever this amount is increased. However, one may not forget that 
sufficient qualitative resources are needed to supply those units. Massive introduction of other 
decentralised sources (e.g. solar and wind) result in emission reductions as well, but to a much 
lesser extent. For Wind Energy Conversion Systems (WECS), the emission reduction potential 
increases with the amount of installed units, but only sublinearly. If the output profile could be 
smoothened, the reduction potential would become larger because of the more efficient use of the 
base load plants. The introduction of capacity credits reduces the emission reduction potential, 
compared to the situation without bringing into account capacity credits. This is related to the 
inhibiting of the renewing evolution of the power system, which would naturally lead to reduced 
emissions. 
 
The analysis above has shown that the consequences of changing the electricity demand (e.g. by the 
massive introduction of electric heating and heat pumps) will influence the GHG emissions in a 
different way. This will depend on the composition of the country’s electricity generation park. 
 
As a general conclusion, it can be said that every change in an electricity generation park (on 
centralised or decentralised level), or every measure which influences the electricity demand or 
supply, has an impact on the overall system. This has to be examined in a dynamical way. 
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6.4. Determination of the global external costs 
 

6.4.1. Introduction 
 
An externality is commonly defined as a cost that arises when the social or economic activities of 
one group of persons have an impact on another group and that impact is not fully accounted for by 
the first group. 
 
During the operation of a power station, there are some emissions which cause damages to human 
health, crops and materials among others, generating an externality because the resulting impacts 
are not taken into account by the generator. 
 
Externalities also arise in other stages of the fuel cycle, up and downstream, such as the mining and 
processing of the fuels, the construction of the plant, the waste treatment and the final 
decommissioning. Thus, to fully calculate the external costs all the main impacts from all the stages 
have to be considered. 
 
In this work, some estimation on externalities for different power generation technologies has been 
carried out. The methodology followed to calculate the external costs of the different technologies 
analysed in the EUSUSTEL project consisted of the following steps: 
 

6.4.1.1. Data gathering 
 
From all the information gathered in the EUSUSTEL WP3 reports, technical, economic and 
environmental data have been collected in several tables for each period under study. Atmospheric 
emission data for all the stages of the technology cycle are needed to evaluate the external costs. 
When those data were not available, some calculations had to be done in order to fulfil the data 
tables. 
 

6.4.1.2. Extrapolation and calculation of the missing emission data 
 
To calculate external costs, atmospheric emissions have to be multiplied by a factor which relates 
the amount of pollutant emitted with an economic value of the resulting impact. When emission 
data for future technologies were not available, they were estimated using other technical or 
economic parameters. Here, direct and indirect emissions were calculated as follows: 
 
For future direct emissions, which are those from the power generation stage, electrical efficiency 
evolutions of the plant have been used, when available, to extrapolate present data to future. In this 
way, the improvement on efficiency is supposed to lead to an emission reduction. Emission data 
reduction rates have been calculated from the electrical efficiency improvement growths. 
 
For indirect emissions, which are those from the other stages different from power generation, 
specific investment cost evolutions have been used, when available, to extrapolate present data to 
future. An increment in the specific investment costs is related to a bigger amount of materials and 
may lead to an emission increase. Future emission data rates have been calculated from specific 
investment costs increases. 
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6.4.1.3. Determination of direct, indirect and total external costs 
 
Once the atmospheric emissions for present and future periods were calculated, external costs were 
estimated by multiplying those emissions by a damage factor shown in Table 17: 
 

CO2 10 Euro/ton 
SO2 3300 Euro/ton 
NOx 3300 Euro/ton 
N2O* 748.3 Euro/ton 
CH4* 44.9 Euro/ton 
Particles 10100 Euro/ton 
NMVOC 870 Euro/ton 
C14 0.014125044 Euro/kBq 

Table 17 Damage factors 

* Data from ExternE Transport  (Friedrich R. and Bickel P., 2001) 
 

6.4.2. Results 
 
For present and future years, the highest external costs correspond to coal technologies followed by 
fuel cells and coal technologies with CO2 capture and sequestration. Then follow biomass 
gasification and natural gas technologies. In the first periods, biomass gasification shows higher 
values than gas technologies. From 2020 on, gas combined cycle external costs exceed those for 
biomass gasification except for the gas technologies with CO2 capture and sequestration. 
 
Regarding the renewable technologies, photovoltaic technologies external costs drop through time 
mainly due to increments in efficiency. Wave and tidal have the highest costs for the renewable 
technologies, while geothermal and hydrothermal have the lowest. Wind energy presents 
intermediate values. Finally, nuclear fission technologies have similar costs to those from 
renewable technologies.  
 
Table 18 shows the external costs for all the technologies and periods in cEuro/kWh. 
 

Technology 2005 2010 2020 2030 
Lignite, IGCC 1.3861 1.3179 1.2455 1.2349 
Lignite, ST 1.4488 1.4260 1.2970 1.2970 
Coal condensing 1.0628 1.0628 1.0628 1.0628 
CCGT 0.4383 0.4313 0.4179 0.4043 
Natural gas CS  0.2928 0.2849 0.2820 
Lignite CS  0.7336 0.6935 0.6758 
Nuclear fission 0.0293 0.0278 0.0278 0.0278 
Wind onshore 0.0156 0.0127 0.0127 0.0127 
Wind offshore 0.0156 0.0106 0.0106 0.0106 
PV  0.0744 0.0753 0.0533 0.0369 
Biomass gasification 0.5247 0.4684 0.3747 0.3187 
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Hydro Large scale 0.0054 0.0054 0.0054 0.0054 
Geo Conventional 0.0054 0.0054 0.0054 0.0054 
PEMFC 0.7431 0.7431 0.7431 0.7431 
PAFC 0.7766 0.7766 0.7766 0.7766 
MCFC 0.6969 0.6969 0.6969 0.6969 
SOFC 0.6172 0.6172 0.6172 0.6172 
Wave 0.0939 0.0939 0.0939 0.0939 
Tidal 0.0483 0.0483 0.0483 0.0483 

Table 18 External costs in cEuro/kWh 

 
6.5. Total social cost of electricity generation 

 
6.5.1. Introduction 

 
Given the variations in technical and economic parameters for the various generation technologies, 
a synthesis of all available information allows calculating the total social cost of electricity 
generation based on an illustrative data set. The total social costs of electricity generation 
summarise the private and external costs of a technology and therefore indicate its use of resources 
from an economic and environmental point of view. It can be regarded as a relative measure for 
sustainability.  
 

6.5.2. Average Lifetime Levelised Generation Cost 
 
As one part of the total social cost of electricity generation the Average Lifetime Levelised 
Generation Costs (ALLGC) reflect the private costs based on the assumptions for fuel price 
development, overnight investment costs and efficiencies. 
 
The ALLGC for selected generation technologies in the year 2010 and 2030 are presented in Figure 
17 and Figure 18 respectively. The figure shows the ALLGC for lignite, hard coal, natural gas, 
nuclear and biomass power plants given an overall discount rate of 5 % and 10 % respectively. For 
the cost calculations a capacity factor of 85 % has been assumed. As can be seen for the year 2010, 
lignite has the lowest ALLGC of 23.1 €/MWh given a discount rate of 5 %, followed by nuclear 
(3rd Gen.) with 27.6 €/MWh. 
 
Changing the discount rate from 5 % to 10 % has a major impact on ALLGC for those technologies 
facing high specific investment cost like lignite and nuclear (3rd Gen.). The ALLGC increases for 
lignite to 33.5 €/MWh and for nuclear (3rd. Gen.) to 43.2 €/MWh. Biomass (Integrated Gasification, 
wood) shows ALLGC of approximately 60 €/MWh (5 %) and 73 €/MWh (10 %), respectively. For 
the cost calculations a constant price for biomass of 3.7 €/GJ has been assumed between 2010 and 
2030. Regarding natural gas technologies, cost calculations for a Combined Cycle Gas Turbine 
(CCGT) have been performed within the illustrative data set. 
 
Due to technological development of the electricity generation technologies, changes in cost 
characteristics are projected. Moreover, assuming for technical progress regarding CO2 emissions, 
power plants with Carbon Capture and Storage (CCS) which will be available after the year 2015 or 
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2020 have to be taken into account. Lignite without CCS is projected to stay the most competitive 
fossil fired technology regarding private generation costs for discount rates of 5 % and 10 %. Hard 
coal follows with approximately 40 % (5 % discount rate) and 24 % (10 % discount rate) higher 
ALLGC. Natural gas fired power plants face an economic disadvantage if fuel prices will increase 
as assumed, even when specific overnight investment costs are lower than for other conventional 
generation technologies. 
 
Considering CCS technologies, lignite fired power plants are projected to have approximately 26 % 
lower private costs than hard coal and 49 % lower costs than natural gas CCS, assuming 5 % 
discount rate. These differences will become lower with higher discount rates. Biomass (Integrated 
Gasification, wood) will face an increase in efficiency as well as a decrease in overnight investment 
costs until 2030 and therefore decreasing production costs of 58 €/MWh (5 % discount rate) and 
70 €/MWh (10 % discount rate). As another CO2 free generation technology, nuclear (3rd Gen.) is 
projected to stay the most competitive technology in 2030. 
 

6.5.3. Total social electricity generation cost 
 
For calculating the total social cost of electricity generation, external costs due to direct and indirect 
emissions have to be considered. Therefore the external costs of electricity generation, due to 
emissions of CO2 and other pollutants like SO2, NOx, NMVOC, CH4, PM10, N2O and C14 have been 
taken into account. 
 
The total social costs of the various electricity generation technologies for the year 2010 are given 
in Figure 17 for a 5 % and 10 % discount rate as well as 10 and 20 €/t CO2. Due to the lower 
specific direct and indirect emissions of natural gas fired CCGT power plants, these technologies 
are projected to have a total social cost advantage compared to hard coal fired power plants given a 
discount rate of 5 % and even compared to lignite power plants given a discount rate of 10 %. 
However, the comparatively low external costs of nuclear electricity generation of 0.64 €/MWh 
assuming repository fuel cycle enables these generation technologies to be competitive even at a 
high discount rate of 10 %. A strong advantage regarding total social costs is due to the zero CO2 
emissions compared to fossil fuel fired technologies like lignite and hard coal. Natural gas CCGT is 
projected to receive a better market position due to the lower emissions of the different pollutants. 
Biomass is projected to be not fully competitive in the year 2010, due to the higher overnight 
investment costs. 
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Figure 17 Total social costs for selected generation technologies, 2010 

 
Taking into account changes in overnight investment costs and efficiency due to technological 
progress between 2010 and 2030, the total social costs in the year 2030 are presented in Figure 18. 
As can be seen, for clean coal and gas technologies with Carbon Capture and Storage (CCS), e.g. 
natural gas CCS technologies will have an advantage compared to hard coal CCS given a discount 
rate of 10 %, but are projected to be more expensive than lignite CCS. However, nuclear electricity 
generation is projected to stay the most competitive technology in the year 2030. 
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Figure 18 Total social costs for selected generation technologies, 2030 
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6.5.4. Electricity generation from RES 
 
For some renewable electricity generation technologies like wind converters and solar PV, total 
social costs for 2010 and 2030 have been calculated for low and high specific overnight investment 
costs as well as for two different capacity factors and discount rates. Due to the stochastic nature of 
wind supply and solar radiation, variations in utilisation with respect to different regions have to be 
taken into account. To assure security of electricity supply, back-up capacities and therefore back-
up costs have to be considered for the renewable generation technologies. As induced back-up costs 
of fluctuating energy sources are highly related to the electricity generation system structure that is 
considered, the cost calculation is not obvious. Assuming the thermal equivalent, defined as the 
production costs of either a coal fired power plant or a natural gas fired CCGT, back-up costs for 
the wind and solar PV technologies are projected to be between 9 €/MWh and 17 €/MWh. These 
are included in the total social generation costs given in Figure 19. 
 
Given the differences in specific investment costs and capacity factors, wind converters face total 
social costs of approximately 72 €/MWh (Onshore, low inv. costs, 5 % discount rate, 25 % capacity 
factor) up to 170 €/MWh (offshore, 10 % discount rate, 25 % capacity factor) in the year 2010. For 
solar PV overall social costs are projected to range from approximately 213 €/MWh (open space, 
low. inv. costs 5 % discount rate, 20 % capacity factor) to 650 €/MWh (roof, high inv. costs 10 % 
discount rate, 10 % capacity factor) (cf. Figure 19). Taking direct and indirect emissions into 
account, external costs of RES based generation only represent a very small part of the total social 
costs of electricity generation. 
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Figure 19 Total Social Electricity Generation Costs in the year 2010 

 
Due to technological progress between 2010 and 2030, overnight investment costs will decrease for 
Wind as well as for PV, showing higher costs reduction for PV. Therefore total social costs are 
going to decrease as is presented in Figure 20. However, especially solar PV is projected not to 
become competitive, showing production costs of 113 €/MWh to 474 €/MWh in the year 2030. For 
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wind converters, total social costs range from 65 €/MWh to 159 €/MWh, still being more expensive 
than conventional power plants. However, relative competitiveness of wind converters is mainly 
subject to the assumed technological progress, i.e. investment cost reduction and the given discount 
rate. 
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Figure 20 Total Social Electricity Generation Costs in the year 2030 

 
6.5.5. Conclusion 

 
Summarising the calculation results for the various electricity generation technologies, regarding 
Average Lifetime Levelised Generation Costs and external costs for CO2 and other emissions, it 
can be observed that the conventional power plants are projected to have economic advantages 
compared to technologies using renewable energy sources like wind and solar PV. 
 
Given the comparatively high overnight investment costs for wind and PV combined with the low 
utilisation rates due to wind supply and solar radiation, renewable electricity is becoming more 
competitive in the year 2030 but faces still higher total social costs. Table 19 presents the total 
social costs of electricity generation for the selected conventional and renewable technologies for 
the years 2010 and 2030. 
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Technology Capacity 
factor 

Invest. 
Costs

Thermal power plants

Lignite 
(1050MW)

85%
-

Lignite, CCS 
(1050MW)

85%
-

Hard Coal 
(1020MW)

85%
-

Hard Coal, CCS 
(1020MW)

85%
-

Natural Gas 
(CCGT)

85%
-

Natural Gas, 
CCS (CCGT)

85%
-

Nuclear 
(3rdGen.)

85%
-

Biomass 
(IG,Wood)

85%
-

RES low high low high low high low high
high 434.12 440.78 643.19 649.85 285.70 292.36 407.96 414.62
low 414.51 421.17 612.09 618.75 214.88 221.54 295.58 302.24
high 223.25 230.49 327.78 335.03 148.49 155.73 209.62 216.86
low 213.39 220.64 312.18 319.42 112.94 120.19 153.29 160.53
high 507.34 514.06 752.88 759.61 325.53 332.25 467.19 473.91
low 485.26 491.99 718.20 724.93 242.85 249.58 337.29 344.02
high 260.13 267.41 382.90 390.18 168.73 176.01 239.56 246.84
low 249.03 256.31 365.50 372.78 127.15 134.43 174.37 181.65
high 116.92 122.96 148.10 154.14 110.57 116.61 138.63 144.67
low 112.19 118.23 141.03 147.07 101.10 107.14 124.48 130.52
high 74.59 81.34 93.29 100.05 70.73 77.49 87.57 94.32
low 71.73 78.48 89.03 95.78 65.02 71.77 79.05 85.80

25% 123.68 130.43 163.70 170.46 115.88 122.64 151.80 158.56
40% 81.53 88.68 106.54 113.70 76.62 83.78 99.07 106.23

Backup costs Backup costs

20%

20302010

5% 10% 5%

50.75

51.35

Backup costs Backup costs

59.18

Wind Offshore

PV Roof
10%

20%

Wind Onshore
15%

25%

PV Open Space
10%

47.73

 -

28.19

10%

46.99

-

53.07

51.76 61.36

43.38

65.13

56.59

 -

60.47

 -

50.46

 -

43.88

77.21

 -

54.52

26.23

61.26

54.67

67.29

61.15

54.09

59.65

40.06

72.73

 
Table 19 Total social costs incl. backup costs of selected electricity generation technologies in the years 

2010 and 2030 [€/MWh] 
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7. Scenario analysis 
 

7.1. Introduction 
 
The aim of the scenario analysis is to understand how the electricity generation system will develop 
under different policy assumptions, reflecting current energy, technology and environmental related 
measures and to evaluate the most optimal solution for electricity provision in the EU-25. For that 
purpose two of the most appropriate models have been used, the energy system model PRIMES of 
the ICCS/NTUA, Greece and the electricity and gas market model TIMES-EG of the 
IER/USTUTT, Germany. 
 

7.2. Scenario characterisation 
 
Four contrasting scenarios have been designed to analyse the energy system development with a 
special emphasis on the electricity market. Starting point is a business as usual scenario, in which 
all current policy measures within the EU-25 countries are reflected. This Baseline scenario (BL) 
projects the development of energy demand and supply as well as the structural changes within the 
electricity generation sector given the technology and policy framework as it can be found in the 
various European countries. No special care is taken about security of supply, renewables are 
supported as stated in current policies and the technologies evolve without any special 
breakthrough. Regarding the climate policy measures in the EU-25, there is only a weak emission 
trading implemented with a constant CO2-value of 5 €/tCO2, from 2010 till 2030. For the BL 
scenario an adoption of the current policies regarding electricity generation by nuclear has been 
assumed. The assumed development of the nuclear generation capacities and production is based on 
the different policies in the EU-25 member states. Given the declared nuclear phase-out in 
Belgium, Germany and Sweden as well as an abandonment in several countries due to economical 
reasons. This BL scenario is the baseline from the “European energy and transport – Trends to 2030 
- Update 2005”. 
 
The second scenario, called Post Kyoto (PK), reflects the climate policy targets as agreed on the 
Kyoto protocol for the European Union (i.e. -8% by 2010) extrapolating the targets to the year 2030 
(i.e. -16%). The resulting CO2-value concerning the GHG reduction target has been calculated by 
the PRIMES energy system model (25, 37 and 51.5 €/tCO2 by 2010, 2020 and 2030 respectively). 
These CO2-values have than been used to simulate EU-25 climate policy measures in the TIMES-
EG model. Nuclear and RES policies are assumed to be as in the BL. Carbon Capture and Storage 
will only be available in the long term. 
 
The third scenario, the Post Kyoto - All Technologies (PKAT), assumes the same climate 
protection policy as the PK scenario, but relaxing the constraints regarding nuclear generation due 
to current restriction in some of the European countries. There is no premature nuclear phase-out 
and new investments are allowed in all EU-25 countries, except for economic reasons in some few 
countries (i.e. Austria, Denmark, Estonia, Greece, Ireland, Latvia, Luxembourg and Portugal). 
However, extension of the nuclear power plants’ lifetime is not included. RES technologies are 
treated as in the BL. As in the PK scenario, the CO2-value calculated by PRIMES serves as an 
exogenous input in TIMES-EG. Due to the possibility of free investments in nuclear generation 
capacities in most of the EU-25 countries, the calculated CO2-values are lower than compared to 
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the values within the PK scenario (i.e. 25, 28 and 31.5 €/tCO2 by 2010, 2020 and 2030 
respectively). 
 
The fourth scenario focuses on the aspect of security of supply, analysing a situation in which the 
import dependence of fossil fuel should be limited (LID) by raising energy taxes on coal, oil and 
gas. A decrease in EU-25 import of fossil fuels by 10% due to an increase in energy taxes is 
analysed. For climate policy, the same CO2-targets are assumed as in the PK scenario, whereas for 
electricity generation by RES as well as for electricity generation by nuclear the BL projections 
have been kept. The CO2 taxes are the same as in the PK scenario (i.e. 25, 37 and 51.5 €/tCO2) and 
the calculated energy taxes in 2030 from PRIMES (i.e. 1.12 €/GJ for coal, 3.34 €/GJ for gas), serve 
as exogenous data input in TIMES-EG. 
 

Energy 
Carrier 

2005 2010 2015 2020 2025 2030 

Oil 54.00/44.23 44.61/36.54 44.91/36.79 48.06/39.37 54.44/44.59 57.60/47.18 
Gas 30.31/24.83 33.89/27.76 34.22/28.03 36.98/30.29 42.87/35.12 44.75/36.66 
Coal 13.31/10.90 12.54/10.27 13.36/10.94 14.07/11.53 14.59/11.95 14.95/12.25 

Table 20 Fuel price assumption (from POLES model) [$05/boe / €05/boe] 

 
From all the assumptions made for the scenarios, it is worthwhile to mention the fuel price 
assumption. They can be found in Table 20. The gas and oil prices are higher than in the past, 
however, they increase slowly. The gas to coal competitiveness deteriorates. The other assumptions 
(population, GDP-evolution, RES electricity generation, etc.) can be found in detail in the overall 
report on the scenarios, which can be found at the project website. 
 

7.3. Results of the energy system model PRIMES 
 

7.3.1. The PRIMES energy system model 
 
The PRIMES model simulates a market equilibrium solution for energy supply and demand. The 
model determines the equilibrium by finding the prices of each energy form such that the quantity 
producers find best to supply matches the quantity consumers wish to use. The model is 
behavioural but it also represents in an explicit and detailed way the available energy demand and 
supply technologies and pollution abatement technologies. The system reflects considerations about 
market economics, industry structure, energy/environmental policies and regulation. These are 
conceived so as to influence market behaviour of energy system agents. The modular structure of 
PRIMES reflects a distribution of decision making among agents (sectors and sub-sectors) that 
decide individually about their supply, demand, combined supply and demand, and prices. The 
market integrating part of PRIMES simulates market clearing. 
 
The model is organised by energy production sub-systems (oil products, natural gas, coal, 
electricity and heat production, others) for supply and by end-use sectors for demand (residential, 
commercial, transport, nine industrial sectors). Some demanders may be also suppliers, as for 
example industrial co-generators of electricity and steam.  
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Several end-uses and processes are distinguished: a) 12 industrial sectors, subdivided into 26 sub-
sectors using energy in 12 generic processes (e.g. air compression, furnaces); b) 5 tertiary sectors, 
using energy in 6 processes (air conditioning, office equipment); c)  4 dwelling types using energy 
in 5 processes and 12 types of electrical durable goods (e.g. refrigerator, washing machine, 
television); d) 4 transport modes, 10 transport means and 10 vehicle technologies, 14 fossil fuel 
types, 4 new fuel carriers (e.g. hydrogen, methanol, biofuels) 10 renewable energy types, e) several 
supply sub-systems: power and steam generation, refineries, gas supply, biomass supply, hydrogen 
supply (not used in this project), primary energy production. The power generation sub-model 
represents 150 power and steam technologies, the electricity grid with import and export links in 
the EU internal energy market and details of load curves (typical days and hours) for electricity and 
steam; f) 7 types of pollutants emitted from energy processes and a series of associated policy 
instruments, including emission trading schemes. 
 
The PRIMES model fully covers 34 actual, associated or potential EU member-states. The 
simulations for the EUSUSTEL project concerned 30 countries (25 EU members plus Bulgaria, 
Romania, Turkey, Norway and Switzerland). In this report only aggregated results for EU-25 are 
presented. Results by country and for all 30 countries are available upon request. 
 
The model’s database includes historical data, on which the model is calibrated. This concerns 
electricity demand data, electricity price data and detailed data on existing power plants and their 
use. The present database covers 1990-2000 and 2000 to 2005. The model produces results for 
2000 and 2005 as calibrated years. Results for year 2010 and beyond (up to 2030, 2050) are 
considered as projections (scenario years).  
 
Exogenous to PRIMES are: GDP growth, industrial activity per sector, world fossil fuel prices, 
energy and environment taxes and other parameters of policies, power plants and infrastructures 
that are known to be under construction in base year, baseline energy technology progress. Results 
from PRIMES are time series on: energy demand, supply and balances, energy prices, energy 
investment and emissions for 34 European countries. 
 

7.3.2. Baseline Scenario 
 
The baseline scenario reflects business as usual trends. Dynamic trends and changes are reflected in 
this scenario, however the evolution is considered to result only from past policies and trends, as 
well as market forces, without consideration of new policy instruments or policy targets. The BL is 
not a forecast, but just a simulation of what would be the limitations of the system if evolution just 
continued from past without consideration of market failures or adverse effects. The BL scenario is 
essentially a least cost projection of future energy system without consideration of external costs 
and impacts, such as the effects on environment or the geopolitical risks affecting security of 
energy supply. In particular, the BL scenario does not include policies to reduce greenhouse gases 
in view of the Kyoto commitments. No attempt has been made, in this scenario, to forecast how 
Europe might endeavour to fulfil the Kyoto or post-Kyoto commitments. 
 
The BL scenario does not involve freezing energy efficiency progress or penetration of new 
technologies or renewables. On the contrary, energy efficiency policies, but also market trends that 
lead to energy productivity improvement, do continue in the future under the conditions envisaged 
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for BL scenario. However, contrary to alternative scenarios that will be presented below, the BL 
scenario policies, standards and measures are only those that have been put in place in the past 
(particularly before 2004). Energy efficiency and productivity gains are driven by the aim of 
minimising costs and maximising economic growth without any consideration of externalities such 
as the impacts on climate change and without consideration of possible risks and threats related to 
security of long term energy supply. Similarly, renewables, given the supportive policies which 
continue under BL but do not magnify, are increased and develop further as a result of market 
forces and least cost supply.  
 
The results of the BL scenario of 2003 (see Figure 21) show that, despite the evidence of relative 
saturation for certain energy uses in the EU-25, energy demand is expected to continue to grow, 
albeit at rates significantly lower than those experienced in the recent past. Primary energy demand 
in the EU-25 is projected to increase at an annual rate of 0.35% from 2005 to 2030 compared to an 
annual growth rate of 2 % for GDP, implying that the energy intensity of the EU-25 energy system 
(expressed as primary energy demand per unit of GDP) is projected to improve at a rate of 1.7% per 
annum (pa) in 2000-2030.  
 
The evolution of the EU-25 energy system to 2030 driven by BL assumptions reflects a 
continuation of the decoupling between energy demand and economic growth. In 2030, one unit of 
GDP in EU-25 is expected to be produced with only approximately half the energy input that was 
needed in 1990. The main reasons that justify this significant gain in energy intensity under the BL 
scenario include improvements in energy efficiency (both on the demand and the supply sides), 
changes in the structure of EU industry, saturation in demand for some intensive energy uses, and 
the policies already in place in the past. The energy intensity improvement trend is in line with 
observed statistics over the long period post oil crisis of 1973. The projection to 2030 for the BL 
scenario shows a slight acceleration of the decoupling of energy consumption from GDP growth, as 
compared to past trends, a trend which is associated to the assumption about high oil and gas prices 
throughout the projection horizon. 
 
Renewable energy forms and natural gas and are projected to remain the fastest growing energy 
forms in the EU-25 energy system (as was the case during the last decade) (see Figure 22). Gas 
needs to grow at rates two and a half times faster than overall energy needs over the projection 
period (+0.81% pa in 2005-2030). Renewable energy forms are projected to grow at a remarkable 
rate: +2.91% pa in 2005-2030. Primary energy demand for petroleum exhibits almost stabilisation 
over the projection period. Although oil products tend to be used almost exclusively in specific 
energy uses (transport and petrochemical), their share remain considerable at 34.4% in 2030 
compared to 38.5% in 2000.  
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Energy Intensity

Carbon Intensity

0.0

50.0

100.0

150.0

200.0

250.0

GDP 100.0 106.8 122.7 133.2 150.1 168.7 187.2 205.1 220.0

Primary Energy 100.0 101.0 106.3 112.3 117.1 120.0 121.8 121.7 122.5

CO2 100.0 96.3 97.3 101.0 103.6 104.5 104.8 105.6 105.7

Electricity 100.0 106.2 118.3 129.7 142.0 153.3 163.1 171.5 177.8

Energy Intensity 100.0 94.5 86.6 84.3 78.0 71.2 65.1 59.3 55.7

Carbon Intensity 100.0 95.4 91.6 90.0 88.4 87.0 86.0 86.7 86.2

1990 1995 2000 2005 2010 2015 2020 2025 2030

 
Figure 21 Baseline Scenario Indicators (PRIMES model) 

 
Solid fuels, after experiencing a strong decline in their share up to 2010, are projected to re-
establish their market share in the EU-25 energy system beyond 2015 as a result of: increasing 
competitiveness of imported coal; decommissioning of nuclear plants and phase-out in some 
countries; uncertainties associated with incremental supply of gas for further expanding its use in 
power generation. By 2030, primary energy demand for solid fuels is projected to come close to 
that observed in 2000. 
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Figure 22 Baseline Scenario, EU-25 - Primary Energy Requirements (Mtoe) 

 

 
Table 21 Baseline Scenario for EU-25: Energy Balances (PRIMES model) 
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Figure 23 Baseline EU-25 - Primary Energy Supply (Mtoe) 

 
Increasing primary energy demand for fossil fuels and declining primary production in the EU lead 
together to a considerable increase of dependence of the EU-25 energy system on imports of fossil 
fuels (see Figure 23). The import dependence indicator rises, from 50% in 2005, to 65% in 2030. 
This is particularly pronounced for imports of natural gas, for which import dependence from 53 % 
in 2005 goes up to 85% in 2030, as a result of high incremental demand for gas in power generation 
combined with the decline of indigenous gas production in the EU (without considering Norway). 
The incremental needs for gas imports are considerable: the analysis has shown that the incremental 
gas quantities need mainly to be imported from Russian, Caspian and Middle East areas. Since 
geopolitical risk is associated with the projected incremental gas needs, consideration of scenarios 
that put emphasis on security of supply is justified. 
 
Final demand for polluting fuels, such as solids and residual fuel oil, is declining. However, the 
demand for lighter oil products, mainly diesel oil and gasoline, is maintained as a result of their 
massive use primarily for transport and secondarily for chemicals. Final demand for natural gas 
increases at rather moderate rates (see Figure 24). Therefore, the need for high gas imports is 
mainly associated with development of power generation, particularly in the medium term. In the 
longer term, further expansion of gas in power generation is found to slow down. Energy demand 
in industry is projected to grow at moderate rates due to considerable energy intensity gains related 
to the structural changes towards less energy intensive manufacturing processes. Energy demand by 
the tertiary sector increasing at rather high rates is partly the sequel of gradual shifting of European 
economy towards services. The increase of final energy demand by households is projected to slow 
down as a result of saturation effects, except for electricity demand which is expected to grow 
driven by new specific uses of electricity. The predominant role of transport sector in final energy 
demand growth is remarkable. Transport remains the fastest growing energy demand sector. 
However in the long term, growth is slowing down as a result of saturation effects, high oil prices 
and technology progress. The continued growth of transport sector explains the persistence of high 
demand for petroleum products throughout the projection period. 
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Figure 24 Baseline Scenario EU-25 - Final Energy by Sector and Fuel (Mtoe) 

 
1990 1995 2000 2005 2010 2015 2020 2025 2030 '90-'00 '00-'10 '10-'20 '20-'30

FINAL ELECTRICITY CONSUMPTION 2052 2184 2458 2718 3015 3283 3523 3734 3886 1.8 2.1 1.6 1.0
INDUSTRY 922 921 1042 1111 1201 1270 1321 1371 1399 1.2 1.4 1.0 0.6
RESIDENTIAL 569 637 695 784 881 987 1097 1197 1273 2.0 2.4 2.2 1.5
SERVICES AND AGRICULTURE 503 561 652 748 855 948 1031 1093 1143 2.6 2.7 1.9 1.0
TRANSPORT SECTOR 59 64 69 75 79 78 74 73 71 1.5 1.4 -0.6 -0.4

Transmission and Distribution Losses 160 182 200 198 195 201 196 189 191 2.2 -0.3 0.0 -0.3
Electricity consumed in ENERGY BRANCH 260 259 268 291 300 307 313 316 319 0.3 1.1 0.4 0.2

of which self consumption of power plants and of pumping 167 170 185 194 195 199 203 208 211 1.0 0.6 0.4 0.4
of which electricity consumption in REFINERIES 27 30 29 37 41 43 45 45 44 0.7 3.6 0.8 -0.1
of which electricity consumption in Other Energy Industries 66 59 54 60 64 64 65 64 63 -1.9 1.6 0.2 -0.3

TOTAL GROSS DEMAND OF ELECTRICITY 2472 2625 2926 3207 3510 3791 4033 4240 4395 1.7 1.8 1.4 0.9
TOTAL DOMESTIC GENERATION 2456 2609 2901 3176 3483 3766 4008 4215 4370 1.7 1.8 1.4 0.9

of which from thermal power stations (incl. biomass) 1403 1435 1620 1790 1995 2230 2434 2617 2708 1.5 2.1 2.0 1.1
of which from nuclear power stations 780 864 921 974 963 934 888 803 816 1.7 0.4 -0.8 -0.8
of which from renewables (excl. biomass) 273 310 359 412 525 602 686 795 846 2.8 3.9 2.7 2.1

TOTAL NET IMPORTS (+ Imports, - Exports) 25 16 25 31 27 25 25 25 26 -0.2 0.8 -0.9 0.4

EU25: Baseline scenario (TWh) Annual % Change

 
Table 22 Baseline Scenario EU-25 - Electricity Demand and Supply Balance (TWh) 

 
Electrification manifested by an expanding use of electricity in all sectors is projected to continue 
in the baseline scenario, as also exhibited in past trends. In baseline scenario, electricity demand 
grows by 1.3% per year and gets a market share of 24% in 2030 steadily growing from a share of 
17% in 1990. Electrification reflects the fact that electricity drives technological progress, comfort 
and competitiveness of the new economic growth of Europe. It is therefore justified to consider 
sustainability and economic efficiency in the power sector as playing a key role in the European 
energy strategy. The numerous processes, appliances and applications that can use energy only in 
the form of electricity, but also the special features of electricity, such as easy controllability, 
cleanliness at the point of use, etc., explain the increasing use of electricity in the EU-25 energy 
system. 
 
Even though demand for electricity grows faster than total energy, the rate of growth slows down in 
the long term, mainly as a result of saturation effects. At the last decade of projection horizon, 
electricity demand grows by a mere 1% per year. For the BL scenario, as a consequence of the 
underlying assumptions about technology development, electricity is not projected to penetrate in 
the transport sector, except for specific uses such as train transport. 
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Figure 25 Baseline Scenario EU-25 – Power generation by Source (TWh) 

 
In baseline scenario the structure of power generation by source exhibit the following trends: 

• Renewables in power generation show a remarkable progress as a result of supportive 
policies which, for baseline scenario, are assumed to continue in the future. RES technology 
benefits from learning by doing and economies of scale; hence over time renewable energy 
penetrates in power generation. Technology improvement counterbalances the gradually 
decreasing subsidies to RES, as assumed for BL scenario. Wind power, in particular, 
displays economic competitiveness over time. As a consequence, on shore wind develops 
rapidly in the short and medium term. However, in the long term, further development of on 
shore wind slows down as a result of saturation effects. Off shore wind starts from lower 
levels and develops slowly in the medium term in line with slowness of progress related 
with scale and connectivity. Off shore wind is projected to develop much faster in the 
longer term and gain relative economic competitiveness in power generation. Biomass 
based power generation also develops in baseline scenario. Waste energy is used in niche 
market applications. Co-firing with biomass, as well as CHP with biomass, is among the 
main new developments. It is remarkable that under BL scenario, renewable electricity 
becomes in 2030 as large as total coal generation and even exceeds nuclear electricity by 
50%. Renewable electricity represented only half of nuclear energy in 2005. RES attain a 
share of 27% in total power generation by 2030 from a share of 15% in 2005. 

• The baseline scenario shows that gas-based power generation is likely to grow fast in the 
short and medium term, despite high gas prices, since over the recent past massive decision 
investment to build CCGT plants have been taken. An additional driving factor is economic 
and efficiency advantage of combined cycle plants particularly in medium load operation, 
which grows in importance as the electricity load curve gradually transforms as a result of 
changes in end use of electricity. Also, CHP applications, which display high growth in 
baseline scenario, drive higher use of gas-based electricity. The share of gas-based power 
peaks in 2015 reaching 30% in total power generation. 

• In the longer term, however, the continued deterioration of gas competitiveness in power 
generation vis-à-vis coal results in a reversal of this trend. Gas power investment 
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considerably slows down and investment in coal plant re-emerges. Coal-based power is also 
favoured by the diminishing contribution of nuclear in base load since nuclear energy 
gradually decreases as a result of nuclear policy assumed for BL scenario. The use of coal in 
power generation considerably increases after 2015 and particularly more after 2020. As a 
consequence, despite new investment in supercritical coal and other technologies with high 
thermal efficiency, carbon dioxide emissions from power generation significantly rise after 
2020. Coal-based power, which represented 30% of total power generation in 2000, decline 
reaching a share of 22% in 2015, but afterwards it gains in share attaining 30% in 2030. 
Since total power generation also increases, the volume of coal based generation is n 2030 
becomes 30% larger than in 2005. 

• The nuclear electricity sector, under the conditions assumed for the baseline scenario, faces 
four main issues: EU-requirements to close a number of plants in new member states; end of 
conventional life time of many plants after 2020; nuclear phase out in three EU countries; 
likely decisions in large nuclear countries not to replace the entire nuclear park after 
decommissioning. This explains the decline of nuclear capacity which reduces in 2030 at a 
level lower by 30% from its level in 2005. New nuclear investment of 70.5 GW as projected 
in baseline scenario is not enough to counterbalance decommissioning and phasing-out. In 
baseline scenario, nuclear energy in 2030 gets a mere 10% as share in total power 
generation (30.8% in 2005). 

• Petroleum products have a very small share in power generation and their role is limited in 
certain specific applications (like in isolated islands or areas). 
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Figure 26 Baseline Scenario EU-25 - Renewables in Power Generation (TWh) 

 
In the whole time period, from 2000 to 2030, the power generation sector is projected to undertake 
investment of 1 trillion Euros of 2005 to build 910 GW of new power plants. This means that on 
average 30 GW of new plants per year have to be commissioned. New investment is needed to 
replace old plants and expand the system in order to meet the growing demand for electricity. In BL 
scenario, it is found that 8% of total power investment will be in nuclear power, 60% in thermal 
power with fossil fuels and the rest 32% in renewables (of which 22% in wind power). 
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In baseline scenario, nuclear investment takes place towards the end of the projection period and in 
countries such as France and the UK that need to replace old nuclear plants as well as in few old 
and new EU member states that expand nuclear capacity (e.g. Spain, Finland, Eastern Europe) or 
build nuclear for the first time (e.g. Poland). We remind that for the baseline scenario it is assumed 
that the three countries (Germany, Belgium and Sweden) that have announced phase-out of nuclear 
maintain this decision.  
 
The market for new (clean) coal plants is considerable under the conditions of the baseline 
scenario: 155 GW of new coal plants after 2015 have to be built. This volume is comparable with 
existing capacity, which in 2006 consisted of 188 GW of coal plants. The market for new gas plants 
(mainly combined cycle gas turbine) is also large: on average around 30 plants of 400 MW are built 
per year until 2020. However, this market becomes smaller in the long term and so after 2020 only 
18 new plants of 400 MW are built per year. 
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Figure 27 Baseline Scenario EU-25 - Power Generation Investment (GW per 5-years period) 
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Figure 28 Baseline Scenario EU-25 - Investment in RES (GW per 5-years period) 

 
Thermal efficiency of fossil fuel power plants considerably progresses under the conditions of the 
BL scenario. From an average thermal efficiency of 37.5% in 2005, it improves up to an average 
level of 47.5% in 2030. The share of electricity from cogeneration plants also rises: from 16.4% in 
2005 it goes up to 24.3% in 2030. This means that CHP electricity doubles in volume from 2005 to 
2030. 
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Figure 29 Baseline Scenario - EU25 - Use of fuels in Thermal Power Generation 

 
Gas requirements of power generation peak in the period from 2015 to 2020. If year 2005 is taken 
as basis, incremental gas imports in the period from 2015 to 2020 is around 70 bcm per year, which 
represents a 50% increase from the level of total gas imports in 2005, which was 140 bcm. Security 
of supply concern is therefore raised. Beyond 2015, the total volume of gas used in power 
generation shows a declining trend and its level in 2030 is close to its level in 2010. In the long 
term, the incremental gas imports, as compared with 2005, are lower (half) than in the medium 
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term, but still significant. The difference between the medium term and the long term volumes of 
gas imports raises an issue regarding the possibility to conclude affordable long term gas 
procurement contracts. If oligopoly conditions in upstream gas supply persist, long term contracts 
to ensure high gas needs in the medium term would probably be expensive, given that total gas 
demand beyond medium term is expected to decline. This justifies the assumption of relatively high 
gas prices for power generation for the baseline scenario. 
 
The use of solid fuels in power generation declines in the medium term (by 12% from 2005) but 
increases substantially in the long term (8% higher in 2030 than in 2005). The incremental needs 
are mostly covered with imported coal which implies that net imports of solid fuels increase in 
2030 (by 50% from 2005). 
 
The changing structure of power generation in the medium term explains the considerable decline 
of its carbon intensity. In the long term, however, this improvement slows down and almost stops 
in 2030. Nevertheless, carbon intensity is found in 2030 in baseline to be lower than it was in 1990 
by 38% (in 2005 it was already lower than in 1990 by 20%). 
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Figure 30 Baseline Scenario - EU25 - Carbon Indicators for Power Generation 

The progress of carbon intensity of power generation is mainly due to the improvement of thermal 
efficiency and secondarily to the growth of renewables which produce carbon free power. 
Regarding carbon free generation, the remarkable growth of renewable energy in power generation 
does not counterbalance the decline of nuclear energy: carbon free power, albeit the increase in 
volume (by 38% in 2030 from 2005), it keeps a constant share in total power generation not 
exceeding 45% by the end of the projection period. 
 
The BL scenario projects increasing cost of energy as a result of increasing oil and gas prices. 
However, mainly because of substantial energy efficiency gains and structural shifts in favour of 
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less energy intensity materials and processes, the total cost of energy taken as percentage of GDP 
decreases over time: the ratio reaches a level of 9.5% in 2030, down from 10.6% in 2005. Industry 
is less affected by increasing energy prices, mainly because this sector undergoes restructuring 
shifting away from energy intensiveness. The domestic sector (households and tertiary) are likely to 
face considerable increases of their energy bill, which is related to increasing prices, but also to 
higher use of energy, electricity in particular. The tertiary sector partly compensates increasing 
energy costs by energy productivity gains. The increasing spending for energy used by households 
is also attributed to the increasing purchase of appliances and other entertainment devices which 
use more electricity. The cost of transportation also increases over time. In this sector capital 
expenditures grow faster than fuel expenditures, a trend that is related to growing efficiency of 
engines and transport means. 
 

System Cost Information 2000 2005 2010 2015 2020 2025 2030 '00-'10 '10-'20 '20-'30

total unit cost of production (index 2000=100) 100.0 101.8 101.3 100.8 100.4 100.0 99.8
energy related costs as part of production cost (%) 3.2 3.3 3.1 3.0 2.9 2.9 2.8
energy related costs per toe consumed (in Euro'00 per toe) 506 546 545 554 578 618 639 0.7 0.6 1.0

of which related to energy equipment (capital and O&M) 141 142 145 152 163 175 186 0.3 1.2 1.3
of which related to fuel purchases 365 404 400 402 415 442 453 0.9 0.4 0.9

energy related expenditure per household 1464 1597 1769 1967 2157 2326 2424 1.9 2.0 1.2
energy equipment expenditure 507 569 700 853 984 1073 1131 3.3 3.5 1.4
fuel expenditure 958 1028 1069 1113 1174 1254 1292 1.1 0.9 1.0
energy related cost as % of income (excl. transport costs) 5.23 5.53 5.74 5.94 6.09 6.18 6.16 0.9 0.6 0.1
energy related costs per toe consumed (in Euro'00 per toe) 994 1061 1164 1282 1407 1526 1606 1.6 1.9 1.3

of which related to energy equipment (capital and O&M) 344 378 460 556 641 704 750 3.0 3.4 1.6
of which related to fuel purchases 650 683 703 726 765 822 856 0.8 0.8 1.1

energy related unit cost of production (index 2000=100) 100.0 104.2 104.9 104.7 105.9 107.3 107.6 0.5 0.1 0.2
of which related to energy equipment (capital and O&M) 100.0 112.8 118.3 124.1 128.7 130.2 131.8 1.7 0.8 0.2
of which related to fuel purchases 100.0 101.6 100.8 98.8 98.9 100.4 100.3 0.1 -0.2 0.1

energy related costs per toe consumed (in Euro'00 per toe) 891 938 991 1050 1122 1209 1268 1.1 1.2 1.2
of which related to energy equipment (capital and O&M) 207 236 260 290 318 341 361 2.3 2.0 1.3
of which related to fuel purchases 683 702 731 760 804 867 906 0.7 1.0 1.2

Passenger transport 0.258 0.260 0.257 0.259 0.266 0.278 0.290 0.0 0.3 0.9
Freight transport 0.339 0.349 0.355 0.362 0.371 0.380 0.391 0.5 0.4 0.5

Passenger transport 0.041 0.043 0.038 0.035 0.034 0.034 0.032 -0.8 -1.0 -0.8
Freight transport 0.046 0.050 0.049 0.049 0.049 0.049 0.048 0.6 0.0 -0.1

Average production costs (Euro'00 per MWhe+MWhth) 36.51 39.23 39.98 40.85 42.49 44.95 46.49 0.9 0.6 0.9
Fixed costs (Capital & fixed operating costs) 15.34 16.17 16.54 16.91 18.11 19.63 20.99 0.8 0.9 1.5
Variable costs (Variable operating & fuel costs) 16.79 17.71 17.48 17.75 17.81 18.36 18.10 0.4 0.2 0.2
Investment expenditure (in bill. Euro'00-for 5 years period) 0 89 112 119 186 200 191 0.0 5.2 0.2
Unit investment expenditure (4) (Euro'00 per KW) 0 482 516 525 569 629 715 0.0 1.0 2.3

Total Cost of Energy in bill Euro 904 1029 1116 1218 1338 1454 1523 2.1 1.8 1.3
Total Cost per unit of Final Energy in Euro/MWh 71.0 75.5 77.0 80.4 85.3 91.2 94.8 0.8 1.0 1.1
Total Cost of Energy as % of GDP in % of GDP 10.1 10.6 10.2 9.9 9.8 9.7 9.5 0.1 -0.4 -0.3

All consumers 84.9 82.3 84.5 86.3 89.3 94.0 96.8 0.0 0.6 0.8
Industry 55.7 56.1 55.6 55.1 55.0 56.0 55.6 0.0 -0.1 0.1
Households 103.4 98.6 101.0 102.7 105.8 111.2 114.5 -0.2 0.5 0.8

Total system costs

Average prices of electricity (pretax in Euro'2005/MWh)

Annual % change

Power and Steam Supply Sector

Total cost per pkm/tkm travelled ( (in Euro'00 per pkm/tkm)

Tertiary

Households

Industry

Fuel cost per pkm/tkm travelled ( (in Euro'00 per pkm/tkm)

 
Table 23 Baseline - EU25 - Energy Cost Information 

 
The average cost of power generation increases on average by 0.9% per year. Capital and fixed 
costs increase faster than average cost, because the sector undergoes gradual shifting of investment 
from low capital cost power plants (such as gas plants) to high capital cost plants (like coal and 
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nuclear). Average electricity prices increase over time mainly as a result of increasing fuel prices. 
The baseline scenario shows that the increase of electricity prices is likely to affect more the tariffs 
of households and tertiary and less the industrial tariffs. This is related to the change of load 
patterns and the increasing marginal cost of supply at peak and mid-load hours. 
 
In summary, the BL scenario represents an energy future for Europe which is efficient with respect 
to cost of energy but is unsustainable with respect to carbon emissions and security of supply. 
According to BL, carbon emissions deviate form targets, both with respect to the Kyoto protocol 
commitments and to the post-Kyoto objectives as recently proposed by the EC. The recent EC 
policy package envisages a target of -30% CO2 emissions in 2030 from 1990. According to 
baseline, energy import dependence of Europe is likely to dramatically increase. Concerns 
particularly refer to exposure to risk regarding gas procurement conditions and the adverse effects 
on Europe’s power generation sector. 
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Figure 31 Baseline Scenario - EU25 - Summary graphs 

 
7.3.3. Alternative Scenarios with PRIMES 

 
7.3.3.1. Methodology regarding emission reduction 

 
As mentioned above, the alternative scenarios are essentially constrained to reduce carbon dioxide 
emissions. They determine an economically optimal allocation of carbon abatement effort among 
sectors and countries under technical and resource constraints. Hence the scenarios determine the 
recommended changes in energy demand and supply patterns. To meet the overall emissions 
constraint, all demanders and suppliers consider the marginal abatement cost associated with the 
emissions constraint as a cost factor which renders carbon intensive energy forms more expensive 
than others. The PRIMES model simulates how demanders for energy and suppliers modify their 
demand and supply behaviour in order to shift away from carbon intensive energy forms.  
 
Energy demanders solve a problem of utility maximisation under income constraint (residential and 
transport consumers) or a problem of production cost minimisation under output production 
constraint (industrial and tertiary consumers). In both problems, the aim is to determine the optimal 
purchase of commodities or production factors. The model considers that this choice is made in a 
dynamic way over time, involving not only the choice of commodities that are consumed but also 
the choice of technology and investment in end user devices, processes and appliances, including 
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energy efficiency and energy saving. As a result of these decisions taken separately by sector, 
demand for energy changes. 
 
The producers of energy as for example power generators adapt their supply behaviour to meet the 
modified level of demand and to optimise their cost influenced by the modified relative costs of 
energy forms that are used as inputs to their energy conversion processes. The optimisation is 
considered to be dynamic over time and involves choice of technologies and investment in new 
energy production processes. Carbon intensive inputs to energy production are more expensive as 
being affected by carbon values reflecting the overall marginal abatement cost associated to the 
overall emissions constraint. Once energy producers adapt their choice of investment and energy 
inputs, they determine energy prices so as to recover the eventual high costs of adaptation. It is 
assumed that energy producers apply a Ramsey-Boiteux pricing policy: they determine a level of 
prices that on average allow for full recovering of total cost, including fixed and stranded costs; 
they also specify sectoral prices that differ by sector so as to reflect the different price elasticities of 
demand.  
 
Consequently energy commodities’ prices change and demanders respond by adapting their 
demand behaviour. An iterative cycle is thus taking place until market equilibrium is reached. A 
similar process takes place when imposing an energy tax. The only difference is that the energy tax 
affects income of consumers because it implies transfer of money from consumers to the State. 
Therefore, by reducing available income, the energy tax directly affects energy demand. 
 
In the presence of an overall constraint on carbon emissions, demanders and suppliers of energy 
have a series of means to reduce carbon emissions. These means can be classified in the following 
categories: 
 

1. Energy Efficiency: Reduction of overall energy consumption as a result of energy saving 
investment and behaviour aiming at a rational use of energy; also choice of end use process 
technologies and appliances which display higher energy efficiency, i.e. energy 
consumption per unit of useful energy; cogeneration of heat and power and also advanced 
heat pump applications involving recovery of waste heat. 

2. Change of fossil fuel mix: Shift in favour of natural gas and away from carbon intensive 
fossil fuels, notably coal and lignite. 

3. Renewables: Higher investment and use of renewables both in demand and supply sectors, 
since renewables are carbon free resources. 

4. Nuclear energy: Higher investment in nuclear power, since nuclear is a carbon free source 
for power generation; the treatment of nuclear fuel is energy intensive but the net effect on 
carbon emissions is clearly negative. 

5. Carbon capture and storage (CCS): Applicable on power generation plants burning fossil 
fuels. Carbon capture reduces the thermal efficiency of the plant. The captured CO2 is 
transported to specific sites where it can be stored underground for an undetermined period 
of time. Since CO2 is not emitted to the atmosphere, CCS is considered as a carbon free 
technology (for the part corresponding to net contribution to CO2 emission reduction). 

 
For different technical and economic reasons, all means of CO2 emission reduction have a limited 
potential. If deployed beyond a certain scale, all means exhibit diminishing returns to scale. Beyond 
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a certain scale, additional implementation and deployment costs incur which counter-balance 
negative costs associated with learning by doing. Therefore, for scales beyond learning by doing, a 
long-term cost supply curve with increasing slope is associated with the deployment of carbon 
reducing means. 
 
Since the energy system has to deliver lower emissions and since all emission reduction means 
have an increasing marginal cost curve, the optimal mix of means to meet the emission constraint 
has to follow the rule of equality of marginal abatement costs across all means. In other words, 
every mean must be used up to the volume to which marginal abatement cost is the same for all 
means. 
 
If any of the above emission reduction means is not allowed to be used because of some policy or 
technical reasons, then total cost of emission reduction increases as compared with a case in which 
this reduction means is available. The absence of some of the carbon reduction means implies that 
other means have to be used at higher scale in order to meet the same emission reduction. Since all 
means exhibit increasing marginal costs, in other terms diminishing returns, total cost also 
increases. 
 
It is also possible that for different policy or institutional reasons the BL scenario may not represent 
a fully optimised energy system. This may be due to distortions which may be assumed to persist in 
the BL scenario. In this case, there exist opportunity to improve the cost of energy if the distortions 
that lead to non optimality were removed. For the current baseline scenario for EU25 at least three 
categories of distortion are identified. 
 
The first category includes the distortions that prevent full exploitation of energy efficiency 
potential. This is often termed the “efficiency gap”. There exist certain possibilities to improve 
energy efficiency which are economically beneficial, but which are not fully exploited in the BL 
scenario. An example is energy efficient lighting for which economic calculations suggest that the 
pay back period can be below one or two years. However, the BL trends do not show full 
exploitation of efficiency in lighting. There are two contrasted interpretations concerning the 
efficiency gap: one interpretation considers that this efficiency gap is not a distortion but is rather 
due to a subjective discount rate, as effectively considered by decision makers, which happens to be 
very high for certain consumers and for households in particular. This point of view implies that 
there is always a positive non-zero cost associated with efficiency gains. The second interpretation 
considers that institutional and information distortions exist: they are qualified as non-market 
“barriers”. These barriers could be removed as a result of adequate policy, so as to enable negative 
(profit) costs for the consumer. The PRIMES model retains a mixed approach regarding the 
efficiency gap issue.  
 
The model recognises that the process of efficiency improvement is slow and may not lead to 
complete exploitation of potential. The slowness is attributed to several reasons: inertia due to 
persisting consumers’ habits; existing stock of relatively inefficient end-use equipment with slow 
replacement rate; high subjective discount rates (PRIMES uses discount rates up to 25% for certain 
consumers, which however are considerably smaller than subjective discount rates that have been 
proposed in the literature and suggested by econometric studies); barriers related to lack of 
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information and experience with new and advanced end-user technologies (learning by doing is one 
of the mechanisms represented in the model).  
 
The PRIMES model includes mechanisms which involve exogenous parameters to influence the 
degree of inertia of consumers in adopting advanced technologies and in pursuing energy efficiency 
behaviour. The model represents the degree of market acceptance and confidence attributed to new 
technologies, as well as the degree of awareness and sensitivity of consumers regarding energy 
efficiency and rational use of energy. These parameters are linked with scenario assumptions and 
may change in proportion to the degree of stringency of environmental constraints assumed for a 
scenario. 
 
For the scenarios quantified for EUSUSTEL project, the mechanism of acceleration of energy 
efficiency is not used. In other words, concerning the efficiency gap, the inertia and behaviour that 
refer to barriers and acceptance of advanced end-use technologies remain in the alternative 
scenarios the same as in the baseline. Of course, in the alternative scenarios efficiency 
improvement is higher than in baseline as a result of imposing the environmental constraints. The 
improvement is not accelerated as it could be if partial removal of barriers was assumed. 
 
The second category concerns the distortions that may prevent high exploitation of the potential of 
renewables. The deployment of power or heat production from renewable sources is by nature very 
dispersed and decentralised. This deployment is therefore confronted with several obstacles and 
barriers which are related to non-energy policies and various institutional regimes, such as land use, 
basic infrastructure in remote areas, architectural and urban constraints, agricultural policy, etc. For 
example, it has been observed that lack of information and other barriers induce low acceptance of 
renewable plants at a small community level. The PRIMES model includes exogenous parameters 
that enable partial removal of these barriers to development of RES. In modelling terms, the 
removal of barriers allow for shifting the cost-supply curve of RES to the right allowing for higher 
potential for the same unit cost. Acceleration of deployment of RES can be obtained by changing 
these parameters in proportion to the degree of stringency of environmental constraints. However, 
for the scenarios quantified for EUSUSTEL project, this mechanism is not used. Renewables 
penetrate in alternative scenarios more than in baseline but not as high as they would develop if this 
accelerating mechanism was used. 
 
The third category of distortions concerns nuclear energy. In the BL scenario it is assumed that, 
because of general policy reasons, the following restrictions apply on nuclear energy: nuclear phase 
out is followed in three member states and premature decommissioning of nuclear capacity takes 
place according to an announced time schedule; extension of life time of old nuclear plants, where 
this is possible, does not take place in BL; nuclear energy does not develop in ten member states 
where nuclear has not been used in the past. In economic terms, these restrictions are partly non 
optimal. For example, according to engineering studies, the life time of some of the old nuclear 
plants can be extended at low investment cost and without safety risks. If this option was taken, 
then electricity generation costs could be lower than in BL. However, this option of extending the 
life time of old nuclear plants is not taken in any of the scenarios of EUSUSTEL. The abolishment 
of nuclear phase out in three member states is assumed for scenario PKAT. This implies that, at 
least as a result of the absence of premature decommissioning of nuclear plant, the cost of 
electricity supply will be lower in PKAT than in BL. This effect obviously moderates the additional 
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energy system cost which is, due to restructuring, in compliance with the cap on carbon dioxide 
emissions. 
 

7.3.3.2. Carbon values and energy import tax as determined by PRIMES 
 
All alternative scenarios assume the imposition of an overall cap on emissions of carbon dioxide 
from energy demand and supply. For scenarios PK and PKAT the cap has been set at -16% by 2030 
with reference to base year (1990) and applies on EU-25 taken as a whole. The PRIMES model 
determined endogenously the carbon value needed to meet this constraint. For the LID scenario, the 
carbon value as determined for scenario PK is fixed, but in addition an energy tax on fossil fuels is 
determined in order to reduce imports of fossil fuels by 10% from PK scenario in 2030. It is 
expected that in the LID scenario the emissions of CO2 may reduce even more than in PK, since the 
carbon value is combined with an energy tax. 
 
By construction, the PK and PKAT scenarios meet the objective, which is set at -16% lower 
emissions in 2030 from 1990. As expected, the LID scenario was found to overshoot this objective 
and reduce emissions by 20% in 2030 from 1990. The energy tax, since it induces lower energy 
demand because of higher cost of energy for consumers, contributes to emission reduction acting in 
addition to the carbon value. 
 
The level of carbon value associated with the overall emission constraint increases over time, as the 
constraint becomes more stringent. As expected, the scenario PK involves the highest carbon value, 
because it assumes that the development of some of the carbon abatement technologies is excluded, 
notably the development of nuclear in certain member-states. The PKAT scenario, taking benefit 
from the additional nuclear possibilities, involves lower carbon values, which are found to be for 
2030 lower by 40% than in the PK scenario.  
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Figure 32 Alternative Scenarios EU-25: CO2 Emissions 

 
The LID scenario takes as given the carbon value of scenario PK and in addition applies the energy 
tax in order to reduce net imports of fossil fuels. The energy tax is determined by the PRIMES 
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model after an iterative process. It is assumed that the tax rate is uniformly applied on all EU 
member states and has the form of an excise tax. The rate of taxation is first determined on an 
average level and then it is further determined by type of fossil fuel so as to be proportional to their 
market prices.  
 

€'05/t CO2 2010 2015 2020 2025 2030
PK 27.4 34.0 40.6 46.1 56.5
PKAT 27.4 29.1 30.7 32.0 34.6
LID 27.4 34.0 40.6 46.1 56.5  
Table 24 Alternative Scenarios - EU25 - Carbon Values 

 
€'05/toe 2010 2015 2020 2025 2030
Coal 0.0 16.9 33.3 41.5 47.3
Oil 0.0 56.8 114.0 155.0 182.2
Gas 0.0 43.3 87.8 122.1 141.5  

Table 25 LID Scenario - EU25 - Energy Tax in €’2005/toe 

 
We remind that the carbon value is not implying a direct cost to energy consumers and producers 
and is not a tax, since it does not entail direct transfers of money from the energy sector to the state. 
The carbon value alters the relative competitiveness of the different energy forms and induces 
restructuring of energy demand and supply. The restructuring involves indirect costs on consumers 
and producers. Conversely, the energy tax implies direct transfers of money from the energy sector 
to the state; hence it involves direct costs on consumers and producers. As the carbon value, the 
energy tax changes the relative competitiveness of the energy forms and drives restructuring of 
demand and supply involving indirect costs. 
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Figure 33 Alternative Scenarios EU-25 - Total Net Imports in Mtoe 
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Figure 34 Alternative Scenarios EU-25 - Incremental Energy Imports in 2030 from 2005 (Mtoe) 

 
By construction, the LID scenario obtains a reduction of energy imports in 2030 by 10% as 
compared with results of scenario PK for the same year. In comparison to the BL, the LID scenario 
leads to lower energy imports by 17% in 2030; hence import dependence of Europe drops, from 
65% in 2030 in BL, to 57.7% in LID (it was equal to 50% in 2005). Import dependence in PKAT 
scenario is equal to 56.9% in 2030, but total net imports in volume in 2030 are higher than in LID. 
The PKAT scenario, as a result of the availability of the nuclear, leads to lower energy imports than 
PK (by -5% in 2030). 
 
The alternative scenarios do not substantially reduce incremental imports of gas in comparison to 
BL. Given that these scenarios are constrained to reduce carbon emissions, gas remains one of the 
cheapest ways for curbing emissions. The carbon value favours gas vis-à-vis coal. The PK scenario, 
in particular, leads to higher incremental needs for gas imports than the BL, because PK is not 
allowed to fully develop certain carbon free options, such as nuclear. The LID scenario reduces 
incremental gas needs by 10% from BL because in addition to the carbon value an energy import 
tax is imposed. Otherwise, all scenarios reducing carbon emissions exhibit a remarkable inelasticity 
of gas demand. This finding, which has been confirmed by numerous studies and models, implies 
that at least in the medium term the emission mitigation pathway of Europe is vulnerable with 
respect to security of supply. 
 
Total net imports of fossil fuels are found lower in all alternative scenarios than in BL. This 
improvement mainly involves substantially lower imports of coal, which is the outcome of the 
carbon emission constraint. Only when the energy tax is imposed, in the LID scenario, oil and gas 
imports are found to decrease at a significant degree. Therefore, to address security of supply and 
the related geopolitical risks, imposition of an energy import tax seems imperative. Such taxation 
induces lower energy demand and larger substitution of oil and gas, and so it complements the 
carbon value reflecting the emissions cap. The carbon value alone is effective regarding carbon 
mitigation but may lead to higher exposure with respect to security of supply, at least in the 
medium term.  
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The availability of additional carbon free options such as nuclear, which is fully exploited in the 
PKAT scenario, improves the situation as regards exposure to high imports of gas. This is of course 
related with the indigenous character of most carbon free options. However, the improvement 
induced by the availability of nuclear is small. The energy tax as studied in the LID scenario leads 
to superior improvement in terms of security of supply. 
 

% change from baseline 2010 2015 2020 2025 2030
Coal 0.0 20.6 38.5 45.5 49.9
Gasoline 0.0 4.1 8.1 10.6 12.2
Diesel Oil 0.0 5.0 9.7 12.7 14.7
Fuel Oil 0.0 23.7 43.5 49.2 52.9
Gas Final Demand 0.0 9.5 18.4 23.5 26.1
Gas Power Gen. 0.0 19.8 36.9 44.3 48.9  

Table 26 LID Scenario EU25 - Impact of energy tax on end user prices of fossil fuels (%) 

 
7.3.3.3. The PK scenario 

 
For the PK scenario it is assumed that the EU-25 energy system has to meet a cap on CO2 
emissions: emissions are not allowed to exceed in 2030 a level defined to be 16% lower than their 
level in 1990. It is assumed that all policy restrictions on nuclear energy remain the same as for the 
BL scenario. In addition, it is assumed that no barrier-removing or technology-acceleration policies 
and measures other than in BL are adopted. This assumption means that no mechanism, on top of 
baseline scenario, is put in place to accelerate energy efficiency and RES.  
 
Evidently, to comply with the cap on emissions, the energy system has to use more renewables, 
adopt more advanced technologies, improve efficiency and change the fuel mix. 
 
The results show that the PK scenario leads to 4% lower overall energy intensity of GDP than BL, 
throughout the period 2015 to 2030. Energy efficiency in industry improves in PK in a range 
between 2.1% in 2015 and 3.4% in 2030, as compared with BL. Similar improvements are found 
for the other final energy demand sectors: between 2.4% and 3.2% for residential, 3.1% to 4.2% for 
tertiary and 1.7% to 2.4% for transport sector. Thermal efficiency of power generation which is 
projected in BL to go from 37.5% in 2005 up to 47.5% in 2030 is in found in PK scenario further 
improved by 3.3 percent points in 2020 and 2.3 percent points in 2030. Cogeneration of heat and 
power develops slightly more in PK gaining additional share of one percent from baseline. 
 
The changes effectuated in the PK scenario lead to a substantial drop of carbon intensity (CO2 
emissions per unit of total primary energy requirements) as compared with BL. This reduction is 
small in the short and medium term and magnifies in the long term. Compared with BL, carbon 
intensity of primary energy requirements decreases by 5% in 2015, 10% between 2020 and 2025 
and by 17% in 2030. 
 
The dynamic pace of carbon intensity improvement reflects the slowness of equipment replacement 
in energy use and conversion. On the contrary, the energy intensity improvement develops earlier 
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in time but remain constant in the long term, particularly beyond 2015. This reveals that price 
elasticity of demand induces improvement in the short and medium term.  
 
The decomposition of CO2 emission reduction by sector shows that the final energy demand sectors 
carry out 17% of total reduction. The rest (83%) is carried out by power generation (including 
cogeneration) and district heating sectors. Energy efficiency improvement in demand sectors 
accounts for 10% of total emission reduction and change of fuel mix in final demand sectors 
account for 7%. The power generation sector develops carbon free resources, such as nuclear and 
RES, by which it carries out 23% of total reduction of emissions. Carbon capture and storage 
avoids emissions which account for 23% of total reduction but involves lower thermal efficiency of 
CCS power plants. Hence, the net abatement by CCS represents 17% of total reduction of 
emissions. Change of fuel mix within the bulk of fossil fuels used in power generation leads to 
emission reduction which represents 39% of total reduction. These results refer to EU-25 and to the 
year 2030 representing changes in PK scenario as compared with baseline results for the same year. 
 
The PK scenario has limited possibilities, relatively to PKAT scenario, of recourse to nuclear 
energy, so renewables is the main additional carbon free power developed. The CCS technology is 
not mature before 2020 and yet remains rather expensive until 2030. The role CCS would then 
increase beyond the horizon of 2030. Given that in PK scenario high dependence on gas imports is 
not a matter of concern, contrary to the LID scenario, changing the fuel mix, in favour of gas and to 
the detriment of coal, is a non expensive way to reduce carbon emissions. Energy efficiency and 
carbon intensity improvement in final energy demand sectors play an important role in emission 
reduction only in short-medium term, representing 30% of total reduction in 2015. 
 
Energy efficiency progress in demand sectors leads to final energy demand lower by 3.2% in 2030 
from BL. Industry is more responsive than other sectors, particularly the energy intensive industry 
where final energy demand decreases by 4.9% in 2030 from BL. The transport sector is the most 
inelastic sector where energy demand becomes in 2030 lower than BL by a mere 2.4%. The use of 
fossil fuels in final energy consumption decreases by 18% for solids, 3% for oil and 5.8% for gas 
(in 2030 from BL). Electricity demand drop is far less pronounced (decreases by less than 1%), 
whereas final demand for RES show a positive change (+5.9%). The share of electricity in final 
energy demand increases by half a percentage point. This means that the optimal allocation of 
emission abatement to sectors involves displacement of emission abatement from final energy 
sectors to power generation sector, because marginal abatement costs are found lower in the latter 
than in the former sector. 
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Figure 35 PK Scenario - EU25 - Decomposition of CO2 Emission Reduction (Mt from baseline) 

 
The power generation sector undergoes considerable changes in PK scenario. Renewables develop 
considerably and reach in 2030 a share of 23% in total power generation (19% in BL). Installed 
capacity of RES increases by 25% from BL in 2030. Wind power and biomass plants are among the 
most developing renewable power sources. Solar photovoltaic also show a tremendous progress: its 
capacity in 2030 triples from BL.  
 
Nuclear energy increases in scenario PK by 9.5 % from baseline in 2030. Despite this, nuclear 
capacity in PK scenario is in 2030 still lower, by 10%, than in 2005. The use of solid fuels in power 
generation considerably declines in the PK scenario, despite the development of CCS technology 
by the end of the projection horizon. Power generation from solids in 2030 is found lower by 60% 
from BL. Instead of 190 GW of new solid fuel plants that would have been built in baseline, only 
100 GW are built in PK scenario, of which 40 GW are equipped with CCS technology. The fuel 
mix in thermal power generation substantially changes in favour of gas: 70 GW additional gas 
plants (of which 17 GW are equipped with CCS technology) are built in PK scenario, as compared 
with BL. The share of gas in total power generation rises to 37% in 2030 in PK scenario (21% in 
2005 and 24% in 2030 in BL). 
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Figure 36 PK Scenario – EU25 – Changes in Power Supply sector 
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Figure 37 PK Scenario - EU25 - Changes in Fuel Use in Power Sector (Mtoe) 

 
As a result of this restructuring, carbon intensity of power generation reduces by 48% from BL in 
2030. The CCS equipments capture 20% of CO2 emissions in 2030. Despite the loss of thermal 
efficiency induced by CCS, the overall thermal efficiency of power generation in the PK scenario 
improves by 5% from BL in 2030. As a result of changes in fuel mix, the PK scenario needs 
considerable more volumes of gas as compared with BL. In PK, incremental gas needs in 2030 with 
respect to 2005 are equal to 125 Mtoe, instead of 95 Mtoe in BL: 30% higher gas needs in PK.  
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Due to higher investment and higher operation costs, total cost of power generation increases in the 
PK scenario, relatively to BL (10% more in 2030 for total generation cost and 15% more for capital 
costs). Consequently electricity prices increase: they are in 2030 on average higher by 8.5% from 
BL. Total energy cost (for the entire system) also increases: in PK energy per unit of service 
becomes higher in 2030 by 11.8% from baseline. Energy cost as a percentage of GDP increases by 
0.8 percent points from BL. 
 
Despite the higher use of gas, the overall import dependence of EU-25, calculated in percentage 
terms, becomes in 2030 lower by 3 percentage points from BL. However, imports of gas increase in 
2030 by 7% from BL, imports of coal drops by 56% and imports of oil drops by only 3%. These 
results raise concerns about vulnerability of security of supply with respect to gas imports in the 
context of the PK scenario. 
 

7.3.3.4. The PKAT scenario 
 
The PKAT scenario is equally constrained as the PK scenario to reduce carbon dioxide emissions 
so as the overall emissions from energy at EU-25 do not exceed in 2030 a level lower by 16% from 
emissions in 1990. The PKAT scenario differs from PK only regarding nuclear energy. Nuclear is 
assumed to be allowed to develop in three member states which have announced nuclear phase-out 
and also in Italy. All other assumptions concerning technological possibilities, as well as policies 
and measures remain in PKAT as assumed for the PK scenario. 
 
The PKAT scenario, as also the PK, having to deliver significant reduction of CO2 emissions in 
comparison with BL, has additional possibilities to invest in nuclear power. Therefore, the overall 
marginal abatement cost is in PKAT lower than in PK. Table 24 shows that the carbon value in 
PKAT is likely to be in 2030 lower than in PK by 38%. The additional nuclear possibilities allow 
PKAT to follow a more balanced approach than PK in reducing emissions. So, the allocation of 
abatement effort among the different carbon reduction means becomes more cost-effective. 
 

2005 2010 2015 2020 2025 2030
Index 

(100=2005)
Nuclear Capacity Baseline 137 136 125 117 98 101 73.5
(GW) PK 137 136 125 119 107 111 80.6

PKAT 137 138 133 155 178 207 150.4
Nuclear Generation Baseline 974 963 934 888 803 816 83.8
(TWh) PK 974 965 934 900 874 890 91.4

PKAT 974 965 991 1229 1459 1646 169.0
2000-
2010

2010-
2020

2020-
2030

2000-
2030

Diff. from 
baseline

Nuclear Investment Baseline 5.1 12.9 52.9 70.9
(GW) PK 5.1 14.4 61.1 80.6 9.8

PKAT 5.1 41.0 128.9 175.0 104.1  
Table 27 PKAT Scenario - EU25 - Nuclear Capacity 
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Figure 38 PKAT Scenario - EU25 - Decomposition of CO2 Emission Reduction (Mt) 

 
The results show that in PKAT scenario the decomposition of emission reduction substantially 
differs from the PK scenario. The PKAT mostly relies on carbon free power generation, notably 
nuclear energy and RES, and much less on CCS technology. Emission reduction from efficiency 
and fuel mix changes in final energy demand remain about the same. Fuel mix within the bulk of 
fossil fuels used for power generation in PKAT differ from PK: recourse to gas-fired power 
contributes to emission reduction in PKAT less than in PK.  
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Figure 39 EU25 Comparison of PK and PKAT in terms of emission reduction (%) 
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The results show that the additional nuclear development mainly substitutes coal plants with CCS 
equipment. Nuclear and coal compete to each other for base load generation. CCS-based carbon 
reduction is by 2030 marginally more expensive than nuclear. Nuclear energy also displaces other 
energy forms within power generation: RES are found in PKAT lower by 12% from PK in 2030 
and gas is found lower by 25% from PK in 2030.  
 
The partial substitution of gas in power generation re-establishes in 2030 gas imports at their level 
projected for BL, despite carbon emissions constraints. Still however the needs for gas imports are 
high and so security of supply concerns may be raised. The recourse to additional nuclear energy is 
not enough to curb gas imports.  
 
Similar conclusions are drawn by comparing capacity expansion of power generation in PKAT 
scenario with expansion in PK scenario. In the medium term, the additional capacity expansion of 
nuclear in PK takes place to the detriment of RES and gas power plants. In the long term, the 
additional nuclear expansion takes place mainly to the detriment of coal plants: the development of 
coal plants with CCS equipment found in PK scenario is almost completely cancelled in the PKAT 
scenario.  
 
Total power generation investment in PKAT is found higher from BL but lower from PK scenario. 
However, total investment expenditure in PKAT is found higher from PK. High capital cost in 
PKAT is compensated by lower variable costs; hence total generation cost in PKAT is lower than 
in PK. 
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Figure 40 PKAT Scenario - EU25: Changes in Power Generation 
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Figure 41 PKAT Scenario - EU25: Changes in Power Generation (continued) 

 
Figure 43 shows that in PK scenario, the additional possibilities for nuclear power development 
allows for substantial reduction of the use of fossil fuels in power generation. The reduction in the 
use of gas is larger than for solid fuels. 
 
The additional nuclear power reduces total cost of power generation and allows for lower electricity 
prices. This result is obtained also when allowing development of additional nuclear power within 
the context of the baseline scenario. This result is due to the assumption of high fossil fuel prices 
for the BL scenario. 
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Figure 42 PKAT  Scenario EU25 - Changes in Power Capacity Expansion 
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Figure 43 Fuel use in Thermal Power Generation (Mtoe) - EU25 

 
Despite the cost gains due to nuclear development, in total the constraint on emissions induces 
higher costs as a result of the restructuring of the energy system. The net effect on costs and prices 
is uncertain: electricity prices are found lower than in BL in certain tariff categories but total energy 
costs, as well as the end-user energy prices, are found higher from BL.  
 
Induced by additional nuclear development, despite restructuring of power generation to reduce 
emissions, the net effect on electricity prices is negative in PKAT, as compared with BL. Electricity 
prices in 2030 drop in PKAT on average by 1.6% from BL. However, total system cost of energy 
increases in 2030 from BL by 3.7%, total energy investment increases by more than 10% and total 
energy cost as percentage of GDP rises in 2030 by 0.4 percent points above BL. 
 
The PKAT scenario delivers emission reduction at substantially lower cost for the economy than 
the PK scenario. However, despite a small but noticeable progress, the PKAT scenario does not 
alleviate security of supply vulnerability of the EU in the long term, because dependence on gas 
imports is not significantly altered from BL. Economic optimality suggests that despite additional 
nuclear, gas has still a role to play in cutting emissions of carbon dioxide. 
 

7.3.3.5. The LID Scenario 
 
In order to address import dependence of the EU on imported hydrocarbons, for the LID scenario it 
is assumed that taxes on fossil fuels are raised. The LID scenario also addresses reduction of CO2 
emissions by applying the same level of carbon value as found for the PK scenario. The rate of 
taxation on fossil fuels is determined so as to reduce net imports of fossil fuel in 2030 by 10% from 
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their level in the PK scenario. The LID scenario, as the PK scenario, assumes that current nuclear 
restrictions persist; hence nuclear phase out is maintained in three member states. 
 
The energy taxes raised on fossil fuels exert direct price effect on consumers, who constrained by 
their total budget are incited to reduce spending on energy. So they reduce their demand for energy. 
As a matter of fact, the LID scenario shows significantly higher energy efficiency gains than other 
scenarios for a similar scale of emission reduction.  
 
Energy taxes on fossil fuels also act by favouring substitution of fossil fuels for indigenous and 
renewable sources. In LID scenario, imported fossil fuels become more expensive than other 
energy forms. In addition, fossil fuels are perceived as more expensive than other energy forms 
because of the carbon value. Therefore fossil fuel taxation complements carbon values and lead to 
higher emission abatement than in other scenarios. In LID scenario, total CO2 emissions decrease in 
2030 by 20% from their level in 1990, instead of 16% in PK and in PKAT scenarios.  
 
The direct benefit of the change in relative prices is the decrease of net imports of fossil fuels. In 
the LID scenario, net imports of fossil fuels decrease in total by 10% from the PK scenario. Net 
imports of oil are more inelastic than other fuels and they drop by a mere 6% from their level in PK 
(in 2030); this result is related to the high inertia of adjustments in the transport sector. 
 

Indicators in 2030 (1990 = 100) Baseline PK PKAT LID % LID/PK

Industry (Energy on Value added) 58.54      56.57    57.42    55.77    -1.4%

Residential (Energy on Private Income) 62.49      60.48    61.31    58.74    -2.9%

Tertiary (Energy on Value added) 63.35      60.70    62.01    58.73    -3.2%

Transport (Energy on GDP) 68.74      67.07    67.60    64.85    -3.3%
Gross Inl. Cons./GDP (toe/MEUR'00) 118.80    113.93  120.37  112.04  -1.7%
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Figure 44 LID Scenario EU25 - Effects on Energy Efficiency 
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The price effects on demand explain why the decomposition of carbon emission reduction in LID 
differs from PK. The contribution of energy efficiency gains in demand sectors to carbon emission 
reduction is substantial and remarkably higher than in other scenarios. This is a direct outcome of 
higher cost of energy resulting from taxation. In addition, the emission cuts due to changes in fuel 
mix in demand sectors are considerably larger from other scenarios. This is an implication from 
changed relative fuel prices induced by taxation. In total, carbon reduction in the demand sector 
accounts for 37-40% of total reduction, whereas they accounted for only 12-17% in other scenarios. 
Consequently, emission cuts in supply sectors are lower than in other scenarios. This implies that 
the lack of additional nuclear power plays a smaller role in LID than in PK scenario, as compared 
with the PKAT scenario. 
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Figure 45 Net Imports of Fossil Fuels - EU25 

 
The LID scenario increases the use of nuclear, CCS and RES to curb emissions. However their 
relative contribution is smaller than in PK scenario. Also, the contribution of changes in the fuel 
mix of fossil fuels in power generation is in LID smaller than in PK. In other words, to curb 
emissions LID relies less on gas, than PK; hence LID is less depending on gas imports than PK. 
 
Concerning the structure of power generation, the results show that in LID scenario power 
generation shifts in favour of RES and coal equipped with CCS, and away from gas. The structure 
of power generation differs from PK. However, nuclear energy remains at similar levels in both 
scenarios. Among the renewables, biomass resources are more used in LID, than in PK. Since in 
LID scenario total demand for electricity is slightly lower than in PK scenario, the restructuring of 
power generation requires lower total investment. It must be noted that despite relatively demand 
for electricity in LID, the share of electricity in final energy demand is higher than in PK. This 
reflects a displacement of emission abatement from demand to supply, as suggested by economic 
optimality. 
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Figure 46 LID Scenario - EU25 - Decomposition of CO2 Emission Reduction 
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Figure 47 LID Scenario - EU25 - Comparison of scenarios in terms of carbon reduction 
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Figure 48 LID Scenario EU25 - Changes in Power Generation 
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Figure 49 LID Scenario EU25- Fuels used in Power Generation (Mtoe) 

The cost of power generation in LID is significantly higher from baseline. This is not only 
attributed to indirect costs involved in the restructuring reducing carbon dioxide emissions, but also 
to direct costs from energy taxation of fossil fuels. Hence demand sectors face in LID scenario high 
energy costs. Energy taxation has adverse effects on energy prices. End user electricity prices in 
LID increase in 2030 by 19% from BL. The rate of increase is double from the PK scenario. All 
categories of tariffs are equally affected. Total cost of energy at the level of the whole energy 
system increases in 2030 by 25% from baseline (11.5% in PK). Energy cost as percentage of GDP 
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in 2030 increases in LID by 1.6 percentage points, instead of 0.8 points in PK. The results show 
clearly a trade-off between policy aiming at alleviating vulnerability with respect to security of 
supply and the economic costs borne by consumers of energy. 
 

7.3.4. Comparison of Scenarios – PRIMES results for EU25 
 
The following table summarises the model results in terms of the performance of the scenarios with 
respect to strategic policy objectives of the EU. 
 

Baseline PK PKAT LID
Avg Electricity Prices in 2030

€'05/MWh 94.0   97.1   92.7   107.7   
Avg Cost of Energy Services in 2030

€'05/MWh 91.2   99.5   96.2   110.3   
CO2 Emissions  in 2030

Mt of CO2 3,991 3,179 3,172 3,040   
% change from 1990 5.7 -15.8 -16.0 -19.5

Import Dependence in 2030
% 65.1   63.1   56.9   57.7     
% diff. from 2005 14.5   12.4   6.2    7.1      

Add. Gas Imports in 2030 from 2005
Bcm per year 241    276    235    216      

Energy Taxes as % of import price 0 0 0 50%
Carbon Value in €'00/MtCO2 in 2030 - 51.5   31.5   51.5      

Table 28 Performance of Scenarios 

 
2030 Baseline PK PKAT LID

Nuclear Investment up to 2030 (GW) 70.9    80.6    175.0  81.3    

Nuclear Plants with Extension of life time (GW) -      -      -      -      

New Plants with CCS Capacity (GW) -      56.8    7.3      40.6    

Load factor of gross electric capacities (%) 45.4    41.6    43.8    40.9    

Share of Electricity (%) 24.2    24.8    24.8    25.3    

Gross Inl. Cons./GDP (2005=100) 66.0    63.3    66.9    62.2    

Efficiency of thermal electricity production (%) 47.5    49.8    48.2    48.9    

CHP indicator (% of electricity from CHP) 24.4    24.7    24.5    24.8    

Non fossil fuels in electricity generation (%) 46.3    55.0    67.1    57.2    

CO2 Emissions per MWh 0.32    0.17    0.15    0.18     
Table 29 Summary of changes in Power Sector and on Efficiency 

 
The results illustrate that the BL scenario represents an unsustainable evolution of the EU energy 
system. Non sustainability is evident with respect to carbon dioxide emissions and import 
dependence. 
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All alternative scenarios deliver substantially lower carbon dioxide emissions but differ in their 
assumptions about means and policies.  
 
The PK scenario, based on policies that are already in place within the BL scenario, reduce 
emissions mainly by means of switching fuel mix in favour of gas, by developing RES and by 
applying CCS technology on new thermal power plants. This menu of actions is characterised by 
relatively low cost-effectiveness, does not mobilise the efficiency potential in demand sectors and 
does not address the security of supply issue. 
 
The PKAT scenario assumes removal of restrictions on nuclear energy and considerably employs 
nuclear energy as a means for lower carbon emissions. This relaxes constraints and lowers 
abatement costs from their high levels found for the PK scenario; hence overall cost-effectiveness 
is improved. The nuclear option induces lower generation costs and reduces the overall cost of 
curbing emissions. However, in the PKAT scenario, energy efficiency in demand sectors does not 
progress as it could if additional policies were in place. The PKAT scenario allows for a small but 
noticeable improvement in terms of import dependence. The new structure of energy in PKAT 
scenario favours nuclear to the detriment of coal-based CCS technology and renewables. However, 
it still relies on gas. Therefore in PKAT dependence on gas imports remains a matter of concern.  
 
The LID scenario illustrates the implications from applying energy taxation on fossil fuels. Energy 
taxation induces lower energy demand, higher efficiency and larger switching in fuel mix in final 
energy sectors. Hence, the contribution of demand sectors to carbon emission reduction is 
considerable. In addition, the energy taxation considerably improves the situation with respect to 
imports of hydrocarbons; however the transport sector, hence the imports of oil display inertia of 
adjustment. The improvement with respect to security of supply takes place at the expense of 
energy costs: consumers and the economy bear high costs in all domains of energy use and 
conversion. 
 

7.4. Results of the electricity and gas market model TIMES-EG 
 

7.4.1. Introduction 
 
For analysing different policy options and strategies, the four contrary scenarios have been 
analysed using the electricity and gas market model TIMES-EG. Beside these four main scenarios, 
TIMES-EG has been used to analyse efficient CO2 mitigation strategies for the electricity sector in 
Europe within three additional scenario variants. Considering the assumptions made within the 
project regarding fuel prices, technological development for the various power plant types and 
policy measures, TIMES-EG calculates an inter temporal optimal development of the electricity 
generation structure for the EU-25 (EU-30). Based on this modelling framework, different policy 
measures regarding energy, environment and technology can be simulated to support optimal 
electricity and gas market policy in the European Union. 
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7.4.2. Electricity generation 
 
Assuming a business as usual (BL) development in the European Union, coal remains the most 
important energy carrier for electricity generation within the production portfolio. Coal based 
generation has a share of approximately 36.5 % in the year 2030. 
 
Due to an only limited effort for CO2 mitigation in the EU-25, implementing a Carbon Value of 
5 €/t CO2, climate policy does not induce a fuel shift in electricity generation from CO2 intensive 
energy carriers like hard coal and lignite to gas. However, CO2 free electricity generation based on 
renewable energy sources shows a total amount of 1250 TWh in the EU-25 and a share of 29.1 %, 
given an ongoing support for RES technologies up to the year 2030. Nuclear electricity generation 
is limited to 880 TWh (20.6 %), induced by phase-out policy in some European countries like 
Germany, Sweden and Belgium as well as the assumptions made for investment restrictions for 
nuclear power plants in the European Union. The projected structure of the electricity generation in 
the EU-25 is presented in Figure 50. 
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Figure 50 Structure of electricity generation in the EU-25 

 
Strengthening the climate policy instruments to increase CO2 mitigation in Europe within a Post-
Kyoto regime (PK) by increasing the carbon value from 5 €/t CO2 to 51.5 €/t CO2 in the year 2030, 
has a strong effect on the electricity generation structure. Due to the cost increase for CO2 
emissions, coal based production is projected to decrease from 1554 TWh in the BL to 510 TWh in 
the PK scenario in 2030. The share of coal based electricity generation is reduced to 12 %. Coal is 
mainly substituted by gas fired technologies which show a total production of 1450 TWh and an 
overall share of 34 %. RES based generation remains nearly the same as in the baseline. Due to the 
assumption that the support policies for RES electricity generation are ongoing within the PK 
scenario, renewables hold comparably high market shares.  
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Considering the same CO2 emission target like in the PK scenario, but allowing for a more cost 
oriented development of the generation portfolio within the PKAT scenario – where some of the 
limiting technology restrictions, especially regarding nuclear generation are removed – leads to 
changes in the fuel shift for substituting coal fired technologies. Contrary to the PK scenario, where 
gas was projected to be the major competitive technology to substitute for coal based electricity 
production, nuclear electricity production is increasing to reach the Post-Kyoto target. As nuclear 
generation was projected to have a share of approximately 22.5 % in the PK scenario its share 
increases to 39.4 % in the PKAT scenario. Nuclear electricity generation reaches an amount of 
1685 TWh in the year 2030. For RES based generation, the same holds like in the PK scenario. 
 
For the Limited Import Dependency (LID) scenario, electricity generation by coal is reduced by 
approximately 16.5 % compared to the BL scenario due to a tax increase on fossil fuel consumption 
for electricity generation. For gas based generation, the opposite effect holds. Even with a tax 
increase for gas consumption, electricity production in gas power plants increase by 2.7 %. Fuel 
substitution for coal compensates the cost induced decrease of gas power plants. 
 
Regarding the electricity generation capacity development within the various scenarios (cf. Figure 
51), similar structural changes can be observed. Given the lower utilisation rates for renewables and 
oil fired power plants, RES is projected to have a higher overall share in generation capacity in the 
year 2030. As RES based production was projected to reach an overall share of approximately 
29.3 % in 2030, the capacity share becomes 39.7 % (BL). Due to the high availability and 
utilisation rates of base load technologies like lignite and nuclear power plants, their share results in 
lower values compared to the shares in overall generation. Nuclear is projected to show a share 
between 12.2 % in the BL scenario and 21.3 % in the PKAT scenario, whereas capacity share of 
coal power plants becomes 9.8 % in the PK scenario and 23.3 % in the BL scenario. 
 

0

200

400

600

800

1000

1200

B
as

el
in

e

B
as

el
in

e

PK

PK
A

T

LI
D

B
as

el
in

e

PK

PK
A

T

LI
D

B
as

el
in

e

PK

PK
A

T

LI
D

2000 2010 2020 2030

El
ec

tr
ic

ity
 G

en
er

at
io

n 
C

ap
ac

ity
 [G

W
]

Coal Gas Oil Nuclear RES
 

Figure 51 Structure of electricity generation capacity in the EU-25 
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As can be seen in Figure 51, the generation capacities in the PKAT scenario is projected to be 
slightly higher than in the PK scenario. This result can be explained by a construction time of 5 
years for new nuclear power plants and that therefore additional natural gas CCGT are needed to 
face demand, resulting in some overcapacity at time of operation of the new nuclear capacities. 
 
An additional effect that can be observed due to the different policy scenarios is the impact in 
interregional electricity trade within Europe. As assumptions on technology specific restrictions 
differ among the European member states, changes in interregional trade are induced by cost 
differences. Given the Post Kyoto targets, compared to the BL, the traded volume increases by 
approximately 160 TWh in 2030. Allowing for new nuclear power plants within the PKAT scenario 
leads to a decrease in overall trade of 240 TWh compared to the baseline. This result can be 
explained by a more homogenous electricity generation structure in Europe, reducing relative cost 
advantages for these countries that are not supposed to restrict their generation portfolio regarding 
specific options. 

7.4.3. Electricity related CO2 emissions 
 
In the business as usual scenario (BL), electricity related CO2 emissions in the EU-25 increases 
from approximately 1300 Mt in 2000 to approximately 1500 Mt in the year 2030. Reducing CO2 
emissions by a carbon value (PK), TIMES-EG calculates electricity related CO2 emissions of 
950 Mt in 2030. Allowing for unrestricted technological development in the PKAT scenario, CO2 
emissions are further reduced by 16 % reaching 800 Mt in the year 2030 (see Figure 52). 
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Figure 52 Electricity related CO2 emissions in the EU-25 

 
Regarding electricity generation technologies using Carbon Capture and Storage (CCS), the 
TIMES-EG shows approximately 17 Mt CO2 captured within the PK scenario, whereas only 
4 Mt CO2 are projected to be captured within the PKAT scenario in 2030. CCS technologies are 
going to be utilised within the electricity system from the year 2020 on. 
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7.4.4. Fossil Fuel input in electricity generation 
 
The fossil fuel input in electricity generations mirrors the structural development within the various 
scenarios (see Figure 53). Focusing again on the year 2030, the fossil fuel use for electricity 
generation in the BL is dominated by coal, followed by gas. Intensifying the climate policy goal, 
i.e. increasing the carbon value to reduce the CO2 emissions to 16 % compared to the 1990 
emissions, leads to a shift in fossil fuel consumption for generation from coal to gas. 
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Figure 53 Fossil fuel input for electricity generation in the EU-25 

 
Regarding the changes in overall fossil fuel demand for electricity generation, it can be concluded 
that the climate protection strategy (PK) leads to a reduction in overall fuel use and therefore a 
decrease in energy imports into the EU-25. This effect will be enforced allowing for more 
technological options, e.g. nuclear generation. The CO2 mitigation policy, especially combined 
with an option for new nuclear generation capacities contributes to a better situation regarding 
security of supply. Moreover, TIMES-EG project this policy measures to be more efficient than the 
assumed increase in fossil fuel taxes within the LID scenario. 
 

7.4.5. Cost of electricity generation 
 
Regarding the economic consequences of the various policy frameworks, differences in the costs 
for electricity generation can be observed. Comparing the four main scenarios, electricity 
generation in the LID scenario is projected to be most costly, due to the energy carrier taxation to 
reduce the consumption of imported fuels in Europe. Compared to the BL, the production costs are 
approximately 26 % higher in 2030. Given average generation costs of 45 €/MWh in the BL, the 
strategy for limiting the imports leads to 56 €/MWh. 
 
Restricting the CO2 emissions within the Post-Kyoto scenarios (PK and PKAT) to reach a reduction 
of 16 % compared to the 1990 emissions, changes in generation costs to 49 €/MWh (PK) and 
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39 €/MWh (PKAT) are calculated. Due to the increased flexibility for optimisation in the electricity 
and gas market, the CO2 emission reductions in the year 2030 can be reached with approximately 
20 % less average costs in the PKAT scenario compared to the PK scenario (see Table 30). 
 

[EURO2000/MWh] 2020 2025 2030 

Baseline 40.7 43.0 44.6 

PK 45.4 49.7 48.6 

PKAT 41.3 42.9 38.7 

LID 50.4 58.7 56.4 

Table 30 Cost of electricity generation in the EU-25 in 2020-2030 

 
7.4.6. Efficient CO2-mitigation in the electricity sector 

 
Beside the four main scenarios, three additional scenarios have been simulated to analyse the 
economic implication of various energy policies under a joint CO2 control target. The additional 
scenarios have been characterised as follows: 
 

1. PK800 – Post-Kyoto with a CO2 emission target of 800 Mt CO2 in the year 2030. The same 
assumptions have been made as in the PK scenario. 

2. PKAT800 – Post-Kyoto with a CO2 emission target of 800 Mt CO2 in the year 2030 
allowing for free technological optimisation. The same assumptions have been made as in 
the PKAT scenario. 

3. LC800 – Least Cost electricity and gas market development in the EU-25, considering a 
CO2 emission target of 800 Mt CO2 in the year 2030. Within the LC800 scenario, the 
restrictions on nuclear generation technologies regarding new investments and life time 
extension as well as the support measures for electricity generation using renewable energy 
sources have been removed. 

 
7.4.6.1. Electricity generation 

 
Allowing for portfolio optimisation regarding the electricity generation structure within a CO2 
mitigation regime that defines an upper bound for CO2 emissions rather than a carbon value, 
TIMES-EG shows some changes compared to the main scenario results described above. 
Considering the more stringent CO2 targets for the electricity sector in EU-25 within the PK800, 
PKAT800, and LC800 scenarios, it is projected that this policy will bring more coal based 
generation with Carbon Capture and Storage (CCS) as well as nuclear generation capacity into the 
market (see Figure 54). 
 
Regarding coal based generation, it can be observed that the contribution in the year 2030 increases 
in the PK800 (576 TWh) as well as the PK scenario (510 TWh). This effect can be explained with a 
higher deployment of CCS production. However, gas based technologies are projected to show the 
highest increase compared to the BL. Allowing for a more cost oriented development of the 
generation portfolio without restricting nuclear generation as assumed in the BL scenario, the 
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PK800 shows a much higher contribution of nuclear power plants to the overall electricity 
generation in the EU-25. Contrary to the PK800 scenario, coal based generation is reduced to 
601 TWh in the PK800 scenario compared to the PKAT scenario with 620 TWh. Parts of the coal 
based production is substituted by gas power plants, which increase from 648 TWh  in the PKAT to 
659 TWh in the PKAT800 scenario. 
 
In scenario LC800 where most of the technology oriented restrictions are removed, nuclear 
generation becomes an even more important generation option. Given the option to increase the 
technical lifetime of nuclear power plants and allowing for new investments, nuclear generation 
increase from 878 TWh in the BL scenario to 1967 TWh in the LC800 scenario. As the support 
schemes for renewable electricity generation are not implemented in the LC scenario, RES share is 
projected to decrease by 31 % compared to the BL. Most of the RES based generation is substituted 
by nuclear generation as well as gas fired power plants, which increase their share from 12.9 % in 
the BL to 22.0 % in the LC800 scenario. 
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Figure 54 Structure of electricity generation in the EU-25, scenario variants 

 
Regarding the capacity development within the scenario variants, the same observations hold as for 
the impact on electricity generation, taking into account the utilisation induced differences in 
capacity shares (see Figure 55). 
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Figure 55 Structure of electricity generation capacity in the EU-25, scenario variants 

 
7.4.6.2. Fossil fuel input in electricity generation 

 
Regarding the scenario variants analysed with TIMES-EG, it can be observed that coal based 
electricity generation in the PK800 is increased slightly compared to the PK scenario. Due to the 
Post-Kyoto emission targets, gas based electricity generation has the biggest share within the 
portfolio. This development is mainly driven by the restrictions on nuclear power plants. Removing 
these restrictions within the PKAT800 and LC800 scenarios lead to a strong decrease in gas use for 
electricity production. The use of gas is mainly substituted by nuclear. However, gas remains a 
more important energy carrier for electricity generation within the LC800 scenario compared to the 
PKAT and PKAT800 scenarios, if the support schemes for renewables are omitted. 
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Figure 56 Fossil fuel input for electricity generation in the EU-25, scenario variants 

 
7.4.6.3. Cost of electricity generation and CO2 reduction costs 

 
The changes in electricity generation structure and fossil fuel input due to an efficient CO2 
mitigation strategy, lead to lower cost of electricity production. As presented in Table 31, the 
LC800 scenario results in average generation costs of 38.2 €/MWh, whereas baseline costs are 
44.6 €/MWh, i.e. a decrease by approximately 14 % in 2030. 
 

 [EURO2000/MWh] 2020 2025 2030 

Baseline 40.7 43.0 44.6 

PK800 45.8 51.4 53.4 

PKAT800 41.4 42.9 38.6 

LC800 38.9 41.4 38.2 

Table 31 Cost of electricity generation in the EU-25 in 2020-2030 

The differences in average electricity generation costs can be mirrored by comparing the 
changes in overall system costs within the various scenarios. As can be seen in Table 32, the 
LC800 scenario results in 232 bn € lower accumulated system cost until 2030 compared to the 
baseline. It can therefore be concluded that additional costs for climate protection can be more 
than compensated, if all options for a cost optimal production structure will be considered. 
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 Compared with baseline (BL) 

Scenarios 
Total Cost 
Difference 
[bn Euro00] 

Average CO2 
reduction costs in 
2030 [Euro/t CO2] 

PK 800 351.0 20.9 

PKAT 800 -86.5 -3.4 

LC 800 -232.4 -9.7 

Table 32 Cumulated total cost differences until 2030 and CO2 reduction costs in the EU-25 

 
7.4.7. Conclusions and recommendations 

 
The scenario analysis shows that different policy measures for CO2 mitigation and security of 
supply strategies lead to significant differences in costs and performance of the electricity market in 
the European Union. 
 
It can be concluded, that a policy which combines emission control strategies with the present 
technology policy measures is not projected to be the least cost strategy for the European electricity 
market. Support schemes for RES and the phase-out policy for nuclear generation in some of the 
European countries induce higher costs without reducing the import dependence of fossil fuel 
significantly. 
 
Assuming for a least cost approach to reach essential CO2 mitigation targets, nuclear generation and 
efficient natural gas power plants as well as modern coal based power plants with Carbon Capture 
and Storage technologies are projected to be the most favourable options. 
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8. Compatibility check 
 

8.1. Compatibility with liberalisation of the electricity and gas markets 
 
The results from the two models are substantially the same, in particular concerning electricity 
generation technologies. The main difference is that the split between coal and gas is more sensitive 
to parameter variations in TIMES. This is explained by the more straightforward optimisation in 
TIMES compared to PRIMES. 
 
The cost of electricity generation is systematically lower in TIMES than in PRIMES, in particular 
in the starting year, but decreasing during the optimisation period. This is also explained by the 
structure and calibration of the models. PRIMES has been calibrated to represent the European 
energy markets over more than ten years and used in many studies. The version of the TIMES-EG 
model used for EUSUSTEL is using a dataset that is specific for the study, and the results on 
electricity prices are in dual values from the linear programming optimisation. In of the weaknesses 
mentioned above, the conclusion is that both sets of model results represent the state-of -the-art for 
scenario models available for the European electricity market. 
 
The report defines the potential network challenges that arise under the different scenarios of the 
EUSUSTEL project. Scenarios that are especially demanding for the transmission grid are 
scenarios with a lot of renewables (which will largely be wind) and scenarios that rely on import to 
secure supply. Scenarios that are especially demanding for the distribution grid are scenarios with 
distributed generation and demand response programs to manage demand with real time metering 
and balancing. Furthermore, it should be underlined that transmission grids are not islands. They 
are actually more and more interconnected to create an Internal Electricity Market in the European 
Union (IEM). This implies that policies from other countries and especially neighbouring countries 
compete for scarce transmission network capacity, and are often conflicting due to a lack of 
coordination. Certain new technologies could play an important role in the establishment of a true 
IEM. 
 

8.2. Cross check concerning security of supply 
 
Electricity is an energy vector which is more and more used because of its convenience. As a 
consequence, the electricity demand increases faster than the total primary demand. One of the 
drawbacks of electricity is that it is not possible to store it in big quantities. The only way to do that 
on large scale is for the moment to pump water in the reservoir of an hydroelectric plant. Another 
way, much less used, is to store compressed air in underground cavities. Therefore, as far as 
electricity is concerned, the demand should be, at each time, equal to the production. This means 
that there is clearly a problem with high power intermittent energy sources, like wind energy, since 
when the consumer wants electricity there is not necessary wind to produce it and vice versa. 
 
Apart from a regular increase of electricity consumption as expected in a scenario “business as 
usual”, new uses of electricity can appear. Indeed, if one wants to decrease our CO2 greenhouse gas 
emissions and to decrease our dependence with respect to oil, we need to use energy differently. 
We should, in particular, produce more heat or cold using alternatives technologies. Heat pumps are 
one of them. It allows producing 3-4 kWh of heat or cold from air, water or ground but needs 1 



 

 
EUSUSTEL – Final Technical Report 

185

kWh of electricity to do that. A large development of heat pumps would require additional 
electricity means of production. As regards transport, one can think that, in the medium term, plug 
in hybrid vehicles will develop. This would also require additional electricity. Second generation 
biofuels, in which external energy is used in the process and extra hydrogen, produced by 
electrolysis, is added for the Fischer-Tropsch synthesis, would also require more electricity. 
However, in the end, less CO2 will be emitted and our dependence upon oil will decrease. 
 
At the world level and in terms of energy content, transport (≈ 2 Gtoe) represents roughly two times 
the energy contained in electricity (≈  1 Gtoe), and heat (or cold) three times (≈ 3 Gtoe). It is 
important that transports, which rely almost entirely on oil, and heat, which uses often fossil fuels, 
use more renewable energies and electricity. In this later case it is also necessary that electricity can 
be produced with a minimum of CO2 emissions. In order that these new uses of electricity develop 
while minimizing CO2 emissions, it is necessary that electricity is produced in the cleanest way as 
far as greenhouse gases are concerned. This favours renewable and nuclear energies. 
 
Taking into account the importance of the electricity and the strategic position of this energy vector 
in our civilization, it is necessary to ensure its availability at all times in sufficient quantities and at 
affordable prices. This is the security aspect which should be completed by the constraint that 
electricity should be produced avoiding as much as possible CO2 emission in the atmosphere. This 
also implies to ensure the supply of primary energies to produce electricity and the possibility to 
distribute it all over Europe.  
 
With respect to oil, Europe has a high import dependency and a large dependence on the Middle 
East. With respect to gas it strongly depends upon Russia. Mechanisms have been settled up with 
the IEA (international energy agency) in order to prevent short-term disruptions of fossil fuels, but 
a long term approach would also be needed. Several hundred of billions investments are needed in 
Russia, Middle East and Africa in order to exploit fossil fuel resources. Investments in Europe are 
also needed to increase the infrastructure in transportation, storage and distribution. We shall feel 
this lack of investments probably before we feel the decrease of oil production. Russia has a central 
position as far as oil and gas are concerned. New resource exploration and concession of new 
resources as well as the construction and maintenance of pipe-lines are of basic concern for Europe. 
 
Europe is based on a “market approach” in which it is assumed that the market allows that energy is 
available. It is also important to favour exchange of electricity between European countries. The 
existing grid is still limiting possible exchanges. It is necessary to reinforced it and develop new 
connections. This goes in the path of a better solidarity between countries and increases the security 
of supply. Problems connected to the liberalization market may give rise to new problems, as it has 
been recently illustrated by the California crisis. Because it cannot be stored easily, electricity is not 
an ordinary good. A complete liberalization might weaken the security of supply. In particular 
which company will provide electricity at certain hours when the demand is small and the price 
very low? 
 
One way is to decrease the electricity demand for the same service. The best energy is the one that 
is not used. Energy efficiency enhancement is an important issue which requires intervention from 
governments. Since Europe grant importance to reducing greenhouse gas emission, government 
intervention will also be required in this area. 
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Renewable energies are an important issue in the European Union. The quantity of electricity 
produced by renewable sources increases but some of them, like wind, are intermittent. There is for 
the moment no efficient mean to store large quantities of electricity when there is wind but no 
associated demand. Since the renewable energy production is dominated by hydroelectricity, the 
warming up that we seems to observe now, may lead to a decrease of the hydroelectricity 
production. Some hints in this direction have already been observed in several countries. Within the 
next decades, renewable energies will probably not give enough electricity to ensure a large scale 
domestic production. Local or domestic production will also need some time before a large quantity 
of electricity is produced. Furthermore, in dense population’s areas, this is not necessary the cleaner 
and more efficient way to produce electricity and the total installed power will be larger than using 
centralized plants. 
 
The advantage of nuclear energy is to secure electricity supply in the short and long term because it 
is easy to store uranium for several decades and then prepare nuclear fuel. In addition, electricity 
production is done without emitting greenhouse gases. Some European countries are in favour of 
phasing out nuclear reactors while other are keeping open the nuclear option. It is not possible, for 
the moment, to replace quantitatively nuclear energy by renewable sources. On the other hand 
replacing nuclear reactors by fossil fuels plants would increase our dependence upon fossil fuels, 
have a large impact on pollution, and increase a lot our CO2 emissions. Nuclear energy seems 
therefore to be inevitable in the European energy mix.  
 
In conclusion, electricity demand increases more than the primary energy demand. New uses like 
heat pumps, plug in hybrid vehicles or the development of second generation biofuels will increase 
the demand and require more production means. Europe is becoming more and more dependent 
upon outer countries as far as fossil fuels are concerned. This dependence cannot only be solved by 
a market approach since political issues are also concerned. Therefore it is important that Europe 
enhance a diversification of supply sources and reduce its dependence on a specific country or 
region. Energy savings, sobriety, energy efficiency should be the priority to maintain our electricity 
consumption to a reasonable level and even decrease it while keeping a similar quality of our way 
of life. Renewable energies as well as nuclear energy are essential if Europe wants to increase its 
security of supply and the number of jobs. 
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9. Development of a conceptual framework for sustainable electricity 
supply 

 
9.1. Introduction 

 
The concept of sustainable development (SD) is the generally accepted guiding principle for further 
development. In 2001, the European Council stated in Gothenburg that “Sustainable Development 
offers the European Union a positive long-term vision of a society that is more prosperous and 
more just, and which promises a cleaner, safer, healthier environment – a society which delivers a 
better quality of life for us, for our children, and for our grandchildren. Achieving this in practice 
requires that economic growth supports social progress and respects the environment, that social 
policy underpins economic performance, and that environmental policy is cost-effective.” 
 
Various international and national organisations have been developing criteria and sets of indicators 
to measure and assess one or more aspects of SD36. The UN Commission on Sustainable 
Development (CSD), the OECD and the EU Commission have indicators for SD in general. Other 
organisations like the IEA, Eurostat, IAEA, EEA, etc. have a set of indicators for SD, but with a 
special focus on the energy sector. 
 
Although the importance of SD and a good set of indicators is known, there are many different 
definitions and interpretations, and a widely accepted operational definition is lacking. A generally 
acknowledged set of specific indicators does not currently exist neither are approaches for 
integrating them, to assess the sustainability performance. 
 
The objective of the EUSUSTEL project is “To provide the Commission and the member states 
with coherent guidelines and recommendations to optimise the future nature of electricity provision 
and the electricity generation mix in Europe so as to guarantee an affordable, clean and reliable, i.e 
‘sustainable’, electriciyty supply system.” This requires a common understanding of SD amongst 
the partners, which is also be used to assess the EUSUSTEL scenarios from WP5.37 
 

9.2. Sustainability concepts 
 
Sustainability concepts are, among others, characterized by the “degree of sustainability”. Some 
models are briefly discussed in this section. The strong and weak sustainability models represent 
extreme positions as for the preconditions for their validity and the deductions which can be made 
from their application. A third model is the multi-pillar model which focuses on the economical, 
ecological and social dimensions. Such model approach is quite common as it measures the impacts 
in the three dimensions, which are believed to be critical for a society’s development and for which 
indicators can be defined and measured without difficulties. There are, however, specific 
shortcomings associated with the interpretation of such three- or other multi-dimensional 
approaches resulting from overlapping impacts. For instance, an economic impact (e.g. value 

                                                 
36 For a complete set and overview of different indicators, please see the full report of WP8.2. 
37 This summarising chapter is based on the full report of WP8.2 on “A Conceptual Framework for Sustainable 
Electricity Supply.” 
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added) quite often has a social dimension (income), and a social impact (e.g. health effect) quite 
often has an environmental dimension (damage of the ecological balance), and so on. 
 

9.2.1. Strong and Weak Sustainability 
 
Issues related to sustainability have been focused on by several science disciplines in the past. 
Several concepts of inter- and intra-generative sustainability have been discussed in the economics 
research domains in particular. Different conceptual foundations and problem perceptions arose 
from these, as highlighted below. 
 
A central approach of the neo-classical school of thought is the so-called weak sustainability, which 
suggests a substitution paradigm according to which elements of the natural capital (renewable and 
exhaustible resources, assimilative and life preserving functions of nature) to a large extent can be 
replaced by man-made capital. 
 
Sustainability concepts, however, attributed to the school of ecological economics follow the 
perception of strong sustainability, giving preference for ecologically based limitations as opposed 
to economic activities. Representatives of strong sustainability postulate a largely complementary 
pattern of natural and artificial capital, i.e. substitution between the two capital types is to a large 
extent not allowed. Arguments are the finite level of natural resources, the non-substitutable 
functions of nature and the insecure as well as non-reversible impacts for ecosystems. If man-made 
capital for production is substitutable within tight limits only, a consequence of this logic is that 
natural capital must be preserved (permanence of natural capital). 
 
Both, the non-existent as well as the more or less unbounded substitution ability between natural 
and artificial capital, are not very reality oriented models. The two approaches apply the terms 
natural and man-made capital in a very abstract and undifferentiated form, so as to exclude them 
from any practical application. The term natural capital suggests a homogeneity, which is not 
accounting for different functions of nature, e.g. as a resource for industrial processes, in its 
abilities to assimilate and deposit substances, in their life preserving functions (fresh air etc.) and so 
on. The issue of substitutability of natural capital can logically be considered on basis of its relevant 
functions only. 
 
Moreover, the strong sustainability concept is fundamentally not in line with the second law of 
thermodynamics, as every activity of man produces entropy by degrading workable energy and 
available material. Life requires a permanent input of these constituencies, a fact which is in total 
contradiction with the postulate of non-substitutability of natural capital. 
 
Approaches for practical implementation often are based upon a mixed conceptual form of strong 
and weak sustainability, denominated “critical weak sustainability.” It embraces critical 
performance limits for some complementary functions of the natural capital, felt to be 
indispensable for life. Aside from those limits, substitutability among the various components of 
natural capital is assumed. This perception of a critical weak sustainability seems to be the most 
appropriate approach for deriving practical guidelines from the SD concept for the assessment of 
energy systems. The largest issue for practical implementation rests however in the determination 
of critical performance limits for the perceived non-substitutable natural functions. 
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9.2.2. Normative Models (Equity Postulate) 
 
Sustainability, as defined in the Brundtland report and the Rio Declarations, is linked with 
ecological, social, economical, cultural and institutional development aspects of the world’s 
societies. According to the Brudtland Commission’s view, SD is “development that meets the needs 
of the present without compromising the ability of future generations to meet their own needs.” SD 
is “a process of change in which the exploitation of resources, the direction of investments, the 
orientation of technological development and institutional change are made consistent with future 
as well as present needs.” The challenge is to simultaneously help to deliver economic prosperity, 
to reduce and eliminate poverty, to provide environmental quality and social equity and to maintain 
the natural foundations of life in spite of growing global population. 
 
To view these different sections of SD from a normative perspective for decision making, the term 
“dimensions” or “pillars” has been widely established. Among the normative concepts made 
available so far, two generic categories can be differentiated: “Single-Pillar Models” and “Multi-
Pillar Models.” 
 
Single-Pillar Models focus on the issue of man’s equitable management of the natural environment. 
Convinced that meeting the needs of present and future generations is possible up to that level only, 
where nature is preserved as basis for living and economic activities, ecological postulates must be 
given priority in case of conflicts. Economical and social aspects are no independent goal 
dimensions, but are considered as reasons or results of ecological disturbances. Preservation of 
ecological balance has to be managed in a socially and economically compatible way. 
 
Contrasting to such approaches are the Multi-Pillar Models, postulating equity among the various 
dimensions. Most of the known concepts follow the idea of a Three-Pillar Model, i.e. models 
accounting aspects of the ecological, economical and social dimensions under equitable ranking 
conditions. Some sources, however, plea for the additional installation of a cultural and/or 
institutional dimension. 
 
As for the justification of the equity postulates two argumentations are established, which are 
mostly used as alternatives, but in parts as complementary as well. The first argumentation, 
triggered by the question of the heritage for future generations, concludes that the heritage should 
not be limited to ecological goals. Instead, sustainability must include securing basic needs for 
human living conditions for present and future generations. The second argumentation states that 
the action area for SD is limited by the carrying capacity of natural and social systems. Here, the 
equity postulate is backed by the expectation that civilizing developments are not only threatened 
by ecological, but equally by economical and social risks. Environment, society and economy are 
considered as independent, but interrelated, subsystems, the functionality and disturbance resistance 
of which have to be preserved for future generations. Goal of SD is the long-term system 
preservation and the avoidance of damages in all three dimensions. 
 
The institutional dimension, as far as considered at all, has a qualitatively different function. 
Whereas the other dimensions relate to the issue what SD means by its content, is the institutional 
dimension linked with the question, how sustainable development could be implemented or which 
capabilities institutions should have, in order to carry out the job. 
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9.2.3. Critical Evaluation of Multi-Pillar Models 

 
The concept of sustainability formed by the supporting elements of economy, ecology, and society 
has been suggested as a means to reduce the arbitrariness of the Brundtland Commission’s concept 
by offering a means for quantitative analysis/assessment. 
 
However, in practice the Three-Pillar Model turned out to be helpful for quantitative assessments 
within tight limits only. The reasoning behind the Three-Pillar Model’s limited applicability is that 
independent sustainability goals were established for each of the dimensions, which is in full 
contradiction to the original integrative sustainability approach. Due to the partly competing or 
even totally conflictive goals, a discussion of the goals’ significance is on the agenda during each 
attempt to apply the model in practice for sustainability assessments. The three dimensions 
approach is good for exhibiting the problem area. However, it will not be possible to derive 
concrete sustainability goals for the ecological dimension independent from economical and social 
issues. 
 
A sustainability concept which leaves those limitations of the Three-Pillar Model totally aside is the 
“sandwich” approach, illustrated in Figure 57. Here, SD is defined by goals or objectives for 
societal or social development under the condition that natural resources and assets are exploited 
with a certain technology where the economy is the operator of a transformation process for the 
satisfaction of needs for goods and services. Since the social, economic and ecological dimensions 
are interrelated in manifold ways, the sandwich type structure of the SD model is the adequate one 
for a balanced approach and assessment. 
 

 
Figure 57 Three-Pillar Model versus an integrative concept of Sustainable Development 
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9.3. “Sustainable development”: What does it mean for the energy sector? 
 
Any attempt to define the concept of sustainability in concrete terms can only be sound if – as far as 
the material-energetic aspects are concerned – it takes into account the laws of nature. In this 
context, the second law of thermodynamics acquires particular significance. This law is 
incorporated in man’s effort to create SD conditions and illustrates what that means for the use of 
non-renewable resources and the impact of the energy sector on the environment. As mentioned 
above, life and development of economic and cultural achievements require a permanent input of 
workable energy and material. However, not this energy degradation, but the release of substances 
into the environment, are the cause of the environmental pollution. Another scientific fundamental 
concept states that the growing knowledge and the connected possible technological progress create 
the base for preserving and expanding the abilities of the future generations. 
 
Within the context of defining the concept of sustainability in concrete terms, the need to limit 
ecological burdens and climate change can certainly be substantiated. It becomes more difficult 
when confronted with the question of whether the use of finite (non-renewable) energy resources is 
compatible with the concept of SD, because oil and natural gas and even the nuclear fuels which we 
consume today are not available for use by future generations. This then would permit the 
conclusion that the use of “renewable energy” or “renewable resources” only is compatible with the 
concept of sustainability. 
 
But this is not sound for two reasons. First, the use of renewable energy, e.g. of solar energy, also 
always goes hand in hand with a need for non-renewable resources, e.g. of non-energetic resources 
and materials which are also in scarce supply. Second, it would mean that non-renewable resources 
may not be used at all - not even by future generations. Given that due to the second law of 
thermodynamics the use of non-renewable resources is inevitable, the important thing within the 
meaning of the concept of SD is to leave to future generations a resource base which is technically 
and economically usable and which allows their needs to be satisfied at least at the same level with 
that today’s generation enjoys.  
 
However, the energy and raw material base available is fundamentally determined by the 
technology available. Deposits of energy and raw materials which exist in the earth‘s crust but 
which cannot be found or extracted in the absence of the required exploration and extraction 
techniques or which cannot be produced economically will not contribute towards securing the 
quality of life. It is therefore the state of the technology, which turns valueless resources into 
available resources and plays a joint part in determining their quantity. As far as the use of limited 
stocks of energy is concerned this means that their use is compatible with the concept of 
sustainability as long as it is possible to provide future generations with an equally large energy 
base which is usable from a technical and economic viewpoint. It shall be recalled here that in the 
past proven reserves, i.e. energy quantities available technically and economically, have grown 
despite the increasing consumption of fossil fuels. Moreover, technical and scientific progress has 
made new energy bases technically and economically viable, for instance nuclear energy and part 
of the renewable energy sources. 
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Economy is the total product of a society’s activity for the production of goods and services 
meeting people’s demand. Markets with given clearing rules determine the behaviour of the actors 
in the economic process. This includes rules for the use of scarce resources, which in principle 
should be used efficiently. Economic efficiency is always associated with efficient resource use, 
given that all scarce resources are accounted for in decisions of the actors. Under model conditions 
in a market economy, scarce resources would be used efficiently and welfare maximized expressed 
in total cost – a system state which would be quite in line with the sustainable development 
concept. Reality, however, is different, as imperfections of markets might exist, like monopoly 
powers, asymmetrical dissemination of information or institutional barriers. Nevertheless it is 
important to notice that the general economic principle is in correspondence with the efficient use 
of resource principles derived from the concept of sustainability. This principle in connection with 
the provision of energy does not only refer to energy resources, but includes all other scarce 
resources, such as non-energetic raw materials, capital, work and environment necessary to provide 
energy services. 
 
In the economy, costs and prices serve as yardstick for measuring the use of scarce resources. 
Lower costs for the provision of the same service mean an economically more efficient solution 
which is less demanding on resources. The free use of environmental resources results in ecological 
damages, “external costs” for the environment, not charged to the causer but to third parties, e.g. 
the general public or future generations. In order to fully account for resource use in a market 
system and to apply efficient market clearing rules, it is absolutely necessary to internalise as much 
as possible external environmental costs. There is, of course, a quantification problem associated 
with the internalisation of external cost elements, as science has not progressed so far that all 
external effects can be taken into account, yet. 
 
Sustainable development goals include an adequate economic growth to meet basic needs and 
aspirations for better life and a growing world population. In several EU countries, economic 
growth is required to achieve important social issues, such as financing of social security or 
increasing employment levels. Economy is, therefore, a means to meet society’s goals, i.e. efficient 
economic activities are necessary, and a prerequisite for economic performance is preserving and 
extending competitive and market functions. 
 

9.4. Sustainable energy supply: management rules 
 
Based on the discussion above, it can be clearly seen that the concept of sustainable development is 
not in contrast with energy provision. Hereunder, 6 basic management rules, for achieving a 
sustainable energy supply, are summarised. 
 
First of all, the use of renewable resources must not exceed their rate of regeneration. Secondly, the 
use of non-renewable energy carriers and raw materials requires a compensation for future 
generations. This compensation requires the extension of the technical-economical accessible 
resource base. 
 
Two other aspects are related to the emissions and the risks related to energy supply. Firstly, the 
emissions of substances into the environment shall not exceed the absorption capacity respectively 
the ability for assimilation of the natural environment. Besides that, the hazards and risks for 
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human health and environment from energy provision should be smaller than the natural risks and 
those avoided by the use of energy services. 
 
The two last management rules are related to the costs. First of all, energy services should be 
provided by a minimum of resources used, i.e. with the possibly lowest total costs (private plus 
external costs). And the last rule states that the total (social) cost can be used to measure the 
relative sustainability of an energy system, i.e. by defining the amount of resources used per energy 
service unit. 
 
The abovementioned rules can serve as a guideline for sustainable energy supply. 
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10. Final conclusions: recommendations for R&D priorities 
 

10.1. Challenges for the EU 
 
Although the European energy scene is constantly evolving, there are some challenges which 
remain constantly present. The first challenge is about the sustainable character of the energy & 
electricity provision. Energy & electricity provision does not have to be in conflict with 
sustainability by definition. In the next section, some management guidelines for a sustainable 
energy provision will be given. 
 
The second challenge forms the link between the environmental consequences of energy & 
electricity provision and the reality of the existing economic framework, i.e. the liberalised market. 
Already now, the environmental regulations play a major role in the energy provision, and this role 
is not expected to decrease in the future. But e.g., a strict climate policy or severe clean-air 
regulations should not undermine the competitiveness of the European market. In order to ensure a 
security of investment, a coherent energy policy and legislation are of major importance.  
 
A third major challenge is the one about security of supply. In the European Union, oil and gas 
account for a high proportion of energy use generally. The section 10.3 on R&D priorities will 
focus on some technology options which give both an answer to the environmental concerns and on 
the issue of security of supply. 
 

10.2. Guidelines for sustainability 
 
From the discussion on sustainability in this project, it is obvious that the concept of sustainable 
development is not in contrast with energy provision. Hereunder, 6 basic management rules, for 
achieving a sustainable energy supply, are summarised and can serve as a guideline for sustainable 
energy supply. 
 
First of all, the use of renewable resources must not exceed their rate of regeneration. Secondly, the 
use of non-renewable energy carriers and raw materials requires a compensation for future 
generations. This compensation requires the extension of the technical-economical accessible 
resource base. 
 
Two other aspects are related to the emissions and the risks related to energy supply. Firstly, the 
emissions of substances into the environment shall not exceed the absorption capacity and the 
ability for assimilation of the natural environment, respectively. Besides that, the hazards and risks 
for human health and environment from energy provision should be smaller than the natural risks 
and those avoided by the use of energy services. 
 
The two last management rules are related to the costs. First of all, energy services should be 
provided by a minimum of resources used, i.e. with the possibly lowest total costs (private plus 
external costs). And the last rule states that the total (social) cost can be used to measure the 
relative sustainability of an energy system, i.e. by defining the amount of resources used per energy 
service unit. 
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10.3. R&D priorities 
 
This section will briefly summarise the R&D priorities of which the EUSUSTEL partners think 
they will be of importance in facing the energy provision challenges for Europe, as mentioned 
above. 
 

10.3.1. End-use technologies 
 
A first pillar is the reduction of the energy intensity. Energy has to be used more efficiently by the 
introduction of different kinds of efficiency measures in all the different sectors, i.e. in the industry, 
the service sector, the transport sector and on the household level. In this discussion, it is important 
to realise that, although the structural changes in the EU towards a less energy intensive industry 
lead to a lower energy intensity, this is not always related to energy efficiency. 
 
The discussion on energy intensity goes hand in hand with the reduction of the overall energy 
consumption. This does not imply necessarily the reduction of the electricity use, but it just stresses 
the fact that, before one takes other measures, one firstly has to focus on the reduction of the overall 
energy use. A very important role is put aside for the price setting of the energy. All costs have to 
be internalised in order to emphasise the value of energy. This has to be done both for large and 
small consumers. 
 

10.3.2. RES technologies 
 
A second pillar in the R&D priorities covers the renewable technologies. The EUSUSTEL partners 
see 3 options of which they think they will play an important role in the future European electricity 
provision. 
 
Firstly, the large technical potential of photovoltaic and thermal solar energy must be emphasised. 
Although several technological options exist, cost reductions are of major importance before a 
commercial breakthrough can happen. Besides that, good solutions are needed to overcome the 
dark winter and night times. As for all the indispatchable electricity production methods, electricity 
storage might play an important role in here. 
 
Secondly, wind power is another renewable energy source which has a large potential for the 
European electricity production. Already now, in some countries, wind turbines are widely 
installed, both on- and offshore. The EUSUSTEL partners are convinced that wind power can play 
an increasing role, but it is of major importance that the wind turbines are built on good locations, 
in order to have an economic justifiable investment. In this cost analysis, both on- and offshore 
sites have to be studied, without excluding one or the other option beforehand. To increase the rate 
of dispatchability of the wind farms, improved wind/power predictions on short term (i.e. 6 to 
48 hours) are a necessity. 
 
A third group of technologies which has to be focussed on, are the biomass technologies. This form 
of energy provision is already for a long time in use, and applications are widely spread, but as the 
high quality biomass feedstock is rather scarce in the EU, the use of the biomass has to be 
optimised further. Conversion efficiencies have to be increased and the available biomass feedstock 
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has to be used for the most appropriate applications (e.g., the production of biomass derived 
liquids). 
 
Mostly, individual renewable electricity generation methods are both non-dispatchable and 
decentralised-placed in the overall generation system. To tackle the consequences of both issues, it 
is important that the distributed generation technologies are well integrated into the grid. This topic 
requires further R&D interest, as distributed generation technologies become more and more 
popular. 
 

10.3.3. Nuclear technologies 
 
A third pillar covers the nuclear technologies. Nuclear fission reactors play an important role in the 
electricity provision in many European countries. They do so now, and the EUSUSTEL partners 
believe they will do so in the future as well. However, in order to increase the social acceptance of 
nuclear power, focus has to be put on an enhanced safety and security of new-built power plants, 
and on the safe disposal of long term, long-lived nuclear waste. Besides that, new future reactor 
designs need to emphasise on a better fuel management and fuel usage in order to extend the 
lifetime of the available resources. It is expected that nuclear fusion will play an important role in 
the energy provision on the long term. However, as the time horizon of the EUSUSTEL project is 
2030, the partners agree that the commercial application of the promising fusion reactors is well 
beyond this time horizon. Nevertheless, it must be stressed that R&D on this type of reactor needs 
further attention. It is important that all research partners involved are facing the same target, 
without unnecessary retardations due to administrative thresholds. 
 

10.3.4. Clean coal technologies 
 
As there are large coal reserves widely available all over the world, coal technologies are a last 
important pillar in the R&D on the future electricity provision. In order to reduce the environmental 
impact of the coal power plants, the efficiency of the existing technologies has to be increased. 
Material research plays a major role in this. For new technologies, easy CO2 capture has to be 
aimed for. Concerning the possibilities of Carbon Capture & Storage, further R&D is required and 
demonstration projects are necessary to enhance the knowledge in practice. As coal-fired power 
plants will continue to play an important role in the electricity provision, they will have to be able 
to be used for load cycling as well. So R&D emphasis has to be put on this subject as well. 
 

10.4. Conclusion 
 
It is clear that the European Union has to prepare for more expensive oil and gas and for more 
stringent environmental regulations. In order to face those two challenges, the EU has to focus on a 
sustainable electricity provision system, in which not one specific technology becomes dominant. 
Energy efficiency and renewable, gas fired, clean coal and nuclear technologies do all have an 
important role to play in the future electricity generation. It is of extreme importance that all 
options can be discussed in a serene debate, based on objective arguments. In order to reach the 
common goal of a sustainable electricity provision, large R&D efforts and a good coordination 
between the R&D programmes of the different Member States, are required. 


