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The aim of the project Sectoral Emission Reduction Potentials and Economic Costs for Cli-
mate Change (SERPEC-CC) is to identify the potential and social costs of technical control 
options to reduce greenhouse gas emissions across all European Unions sectors and Member 
States in 2020 and 2030. 
 
In this SERPEC report, we have determined the potentials and costs of the deployment of 
low-carbon electric power production technologies. This includes centralised large-scale 
power plants as well as decentralised production from PV and anaerobic digestion of bio-
mass.  
 
The power supply sector had a share of around 28 % in the overall greenhouse gas emission 
in the EU in 2005. Electric power production in the EU is expected to grow with a steady 
1.3 % per year in the so-called baseline development. As a result, CO2 emissions will in-
crease, unless new low-carbon power supply technologies are implemented. In this study, we 
identified the deployment potential of technologies that can reduce CO2 emissions in the 
power sector to 25 % below 2005 emissions in 2020 and 60 % in 2030 (see Figure 1).   
 

NB: Copy the graph by using the button above
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The deployment rate of new low-carbon technologies is to a large extent governed by the rate 
of turnover of current stock of fossil fuelled power plants. For new technologies, we defined 
a deployment scenario along the following principles:  

-  implement electricity demand savings first; 
-  achieve maximum CO2-abatement;  
-  allow maximum implementation of renewables; 
-  evaluate how much new fossil fuelled capacity is still required.  

 
The associated CO2 reductions are to some extent limited, for the following reasons:  

-  Limits to growth of renewables. We estimated average (2005 – 2030) annual market 
growth rates of renewables technologies ranging between 5 % (on-shore wind), 8 % 
(biomass), 11 – 12 % (wave, tidal) to 20 % (PV, off-shore wind) to as high as 25 % 
for CSP. This results in around 2500 TWh of renewable power production in 2030, 
compared to 500 TWh in 2005. The high growth rates are insufficient, however, to 
supply all required new power production in the EU.  

-  Limits to the use of biomass. Here, we assumed that up to 65 % of the potentially 
available biomass in the EU is used in either the transport sector, the built environ-
ment or the  power supply sector.  

-  Assumed limited application of CCS: CCS was only applied to new coal fired power 
plants built after 2020.   
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The overall emissions reduction potential and the specific social costs of individual options 
are shown in Figure 2. Under the scenario conditions chosen in this study, a (very) large 
share of the options has negative costs already in 2020. Between 2020 and 2030 the specific 
costs of most options decrease even further, as a result of technology learning and economies 
of scale.  
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Cost-curves should be used with care; they should be regarded as a scenario outcome rather 
than a set of factual cost-numbers. This is illustrated in Figure 3, which shows the specific 
costs of options in 2030 under 3 scenarios: 
1. The standard case (lower curve), in which we applied a 4 % discount rate and a reference 

cost1 of electricity production of 57 € / MWh (112 € / MWh for BIPV). 
2. The end-user perspective, in which the discount rate is set at 9% and a reference cost of 

electricity production of 157 € / MWh for BIPV. 
3. A third case in which the discount rate is 9% and the reference cost of electricity is set at 

45 € / MWh (125 € / MWh for BIPV).  
 
The sensitivity analysis also illustrates that the social cost perspective should not be confused 
with the investor perspective.  
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The SERPEC project  
The aim of the project Sectoral Emission Reduction Potentials and Economic Costs for 
Climate Change (SERPEC-CC) is to identify the potentials and costs of technical control 
options to reduce greenhouse gas emissions across all European Union sectors and Mem-
ber States in 2020 and 2030. The results are presented in so-called marginal abatement 
cost curves (MACCs) that provide a least-cost ranking of options across technologies and 
sectors in the EU. In general, MACCs provide strategic information for policy makers.  
 
All identified abatement options refer to technologies that are already applied today, or 
will become commercially viable in the near future. To identify their abatement potentials 
we estimated the maximum feasible implementation rates, often governed by the rate of 
turnover of existing technology stocks. Costs of mature technologies were assumed to be 
constant over time, whereas costs of relatively new technologies, e.g. wind turbines, were 
allowed to decrease over time due to economies of scale and technology learning. 
 
 
The energy supply sector  
In this report we focus mainly on (centralised) electricity production technologies. This 
includes centralised large scale power supply facilities as well as decentralised production 
from PV and anaerobic digestion of biomass. The effects of abatement options like Com-
bined Heat and Power production (CHP) and advanced heat generation technologies in the 
built environment and industry sectors are attributed to these respective sectors and dis-
cussed in separate SERPEC reports. In the current report, we do include cross-sectoral ef-
fects like electricity demand savings, and the impact of biomass use in other sectors on 
availability of biomass for centralised power production.  
 
The power sector emitted around 1370 Mt of CO2 in 2005, which is 28% of the total of 
EU GHG emissions. (Strong) emissions reductions in the power sector are therefore cru-
cial for the EU to reach its 2020 climate and energy targets.   
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Our reference for the CO2-emissions development over time was a so-called Frozen Tech-
nology Reference Level (FTRL), see Figure 4. The FTRL represents a scenario which has 
all the characteristics of the PRIMES-2007 baseline scenario (Capros et al., 2008), while 
the technology characteristics of the demand-side sectors as well as the power supply sec-
tor remain at the (frozen) 2005-level. As a consequence, the CO2 emissions in this refer-
ence scenario rise steeply. In our bottom-up identification of low carbon power supply 
technologies as well as demand side electricity savings measures, we also used this 2005-
technology status as a reference. This was done by using a single averaged value for the 
CO2 emissions of the reference electricity production. This value was set at 
0.5 t-CO2/MWh and reflects an average marginal  power production plant in the EU.  
 
As a reference for policy makers, Figure 4 also shows the so-called PRIMES baseline sce-
nario (Capros et al., 2008). This scenario includes autonomous technology improvements 
as well as (further) implementation of before-2007 climate policies.  
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We identified the following categories of low-carbon power supply technologies: 

�  Hydropower  
�  Wind energy  
�  Solar photovoltaic energy  
�  Solar thermal power  
�  Wave energy  
�  Tidal energy  
�  Geothermal energy  
�  Biomass Energy   
�  Low carbon fossil fuelled power generation  
�  Nuclear power generation  

 
In Chapter 2 of this report, we describe the individual technologies in these categories, 
their technical potentials to abate CO2 emissions, the maximum deployment rates (defined 
as deployment potential) and the associated costs.  In Chapter 3, we combine this informa-
tion into two power supply scenarios for the EU. 
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The specific costs of CO2 emission reductions (€/t-CO2) in the power sector are calculated 
from the production costs and CO2-emissions of the new technology as compared to the 
costs and emissions of the reference technology.  
 
Reference technology 
The reference costs of electricity production were derived from PRIMES (Capros et al., 
2008), see Table 1. These costs were used as a reference for all new centralised electricity 
supply options. For PV on buildings we used the retail electricity price (before taxation) 
as reference.   
 
New technologies  
The capital costs of investments in new technologies are annualised using a discount rate 
of 4%. This value is similar to government bond rates. The costs of energy carriers ex-
clude taxes and levies and were taken from the PRIMES baseline scenario (EC, 2008), see 
Table 1.  
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The approach can be summarised in the following formulae:  
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With: 

CCO2,i = Specific costs of CO2 emission reduction of measure i (in € / tonne 
CO2) 

Ce,i = Specific costs of electricity production from measure i (in 
€ / kWhe) 

Ce,i,ref = Specific costs of the reference for measure i (in € / kWhe) 
EFe,i,ref = Emission factor of the reference(s) to measure i (in kg CO2 / kWhe). 
a = Annuity factor (in % / yr) at discount rate r (% / yr) for measure i 

with a technical lifetime of n (yr). In this study the social costs are 
calculated with r = 4 % / yr. 

Ci,INV = Investment cost of measure i (in €/kWe) 
Ci,O&M = Operation and maintenance cost of measure i (in €/kWe/yr) 
Ci,Fuel = Fuel cost of measure i (in €/kWe/yr) 
Bi = Benefits from sales of non-electricity energy carriers (in €/kWe/yr) 
FLHi = Full load hours of measure i (in hr/yr) 

 
All costs are expressed in 2005 Euros. 
 
This method of costs calculation is also referred to as ‘social costs’. It allows for compari-
son of the ‘bare’ costs of technologies, across measures, sectors and countries. A negative 
cost number indicates that there will be a net welfare gain from a social perspective from 
taking these measures, a positive cost number indicates a net welfare loss. Note, that the 
so-called ‘end-user’ perceives higher energy prices and discount rates. As a result, the 
cost-curve from an end-user perspective looks different (see Chapter 4.2).   
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  2005 2020 2030 

Natural gas €/GJ 5.6 7.2 7.7 

Biomass €/GJ  6.5 9.4 10.4 

Hard coal €/GJ  2.1 2.3 2.5 

Electricity wholesale price*  €/MWh 45 55 57 

Electricity, retail price* €/MWh  85 101 112 

* These values were derived from the PRIMES baseline pre-tax electricity costs for industry and households, 

respectively, corrected for 11 € / MWh CO2 costs (22 € / t-CO2 ´  0.5 t-CO2 / MWh). The electricity wholesale 

price matches the short term marginal costs of an average gas-fired power plant with a 45% efficiency.  
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In this chapter, we stepwise discuss the following electricity production options:  
�  Hydropower  
�  Wind energy  
�  Solar photovoltaic energy  
�  Solar thermal power  
�  Wave energy  
�  Tidal energy  
�  Geothermal energy  
�  Biomass Energy   
�  Low carbon fossil fuelled power generation  
�  Nuclear power generation  
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Hydropower is the most mature renewable energy technology today. In 2005, hydropower 
accounted for 10.4% of the total electricity consumption in the EU-25 (EurObserv’ER, 
2007). There are large differences between countries with regard to the contribution of 
hydropower to the electricity supply. The three countries with the largest contribution of 
hydro to their electricity consumption are Austria, (60.2%), Latvia (49.3%) and Sweden 
(50.4%).  
 
Small scale hydropower (SHP) is usually defined as schemes with an installed capacity of 
less than 10 MW, though this is not a universally accepted limit. Large-scale hydropower 
(LHP) is defined as the full range of capacities above 10 MW. 
 
Almost all easy exploitable sites for large scale hydropower (LHP) are already in use in 
Europe. Therefore, the future additional potential for new LHP will be relatively low. The 
LHP market in Europe will focus on the modernization of hydropower plants (see section 
2.2). SHP has better future perspectives, since not all sites with favourable conditions are 
exploited yet. According to Lehner (2005) most of the potential for future hydropower 
expansion in East-central Europe lies in Albania, Bulgaria and Romania. For Western-
Europe there is evidence that significant new capacity will be available in Spain and Italy.  
Another aspect that might restrict the future implementation of hydropower is the envi-
ronmental impact, primarily caused by the operations of the dam and powerhouse. The 
changes on river conditions and on the land and vegetation bordering the water bodies, 
that are caused by dams and powerhouse turbines, may impact fish populations and other 
wildlife significantly. These concerns with regards to the environmental impacts of hy-
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dropower have been a barrier for the implementation of hydropower worldwide. SHP 
schemes, which are often of run-of-river design, are considered more environmentally be-
nign than LHP, because these types do not interfere significantly with river flows. 
Worldwide growth rates of hydroelectricity generation are estimated to range from 2.4% 
to 3.6% per year between 1990 and 2020. Parts of Eastern Europe will experience high 
growth rates while for Western Europe only a 1% annual increase is estimated 
(Voigtlander and Gattinger, 1999). 
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Based on their operational mode, hydropower stations are often classified as run-of-river 
station or reservoir station (pondage, reservoir and pumped). Run-of-river stations show 
fluctuations in their electricity production according to the water inflow, whereas reser-
voir stations can store water over longer time periods to generate electricity, relatively in-
dependent from variations in short-term inflows (Lehner, 2005). The implementation of 
one or the other type depends on geographic and climatic conditions, suitability and also 
the political direction. SHP is mostly run-of-river design and is often used to replace die-
sel generators or other small-scale plants (IEA, 2006). Depending on the plant, between 
75-90% of the energy input can be converted into electricity. 
Although hydropower is a mature and proven technology there are various technology 
needs identified. The technological development of LHP will focus on the engineering of 
low head technologies. A priority for SHP is to increase the range of head and flow at ac-
ceptable costs (IEA, 2006).  
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Current costs 
In economic terms, hydropower technology is characterised by major upfront investment 
costs, especially when a dam needs to be built and relatively low O&M costs during the 
operational lifetime of the plant. The specific investment costs of hydropower plants vary 
widely, because they depend heavily on site-specific characteristics (engineering of the 
dams, additional cost for social and environmental problems). Eurelectric (2007) gives in-
vestment cost for run-of-river stations of 1800 €/kW and for reservoir stations of 1000 
€/kW. The data are derived from individual projects. IEA (2006) estimates the investment 
costs, including all installation cost, for LHP at 1250-4550 €/kW. This large range in in-
vestment costs clearly indicates that the investment cost for LHP is very site specific.  
 
Future cost developments 
No significant reduction in the future costs of LHP is expected. Costs might even increase 
as a result of compensating measures for nature conservation. Such costs can amount to as 
much as 30 percent of the investment costs. The specific costs for hydro power plants will 
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tend to rise in the course of time, especially as the limits of their potential come closer 
(DLR, 2004). 
The costs of SHP are given at 2060 €/kW in the year 2005. In 2030, these costs are ex-
pected to be somewhat lower at 1800 €/kW (IEA, 2006). The cost estimate of IEA lies 
well within the given cost range for SHP by ESHA; 1200-3500 €/kW in EU-15 and 1200-
2200 €/kW for EU-10 countries (ESHA, 2008)2. 
The costs for LHP are given without any further specification in technology type (run-of-
river and reservoir). Here, we set the cost estimate at 1800 €/kW, which is at the low end 
of the possible range of investment costs. 
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In this study, two technology measures for hydropower installations were defined: new 
large-scale hydropower (LHP) and new small-scale hydropower (SHP).  We took the fol-
lowing approach to define the technical potentials of these measures: 
�  The technically exploitable capacity (TWh/yr) was taken from WEC (2004). Their 

aggregated data on LHP and SHP schemes were split by subtracting the SHP potential 
for new plants given in Lorenzoni (2001).  

�  The estimated deployment potential in 2030 was based on the following assumptions: 
a) Countries that have already implemented over 50% of the technical potential in 

2005, could potentially reach 70% implementation of the technological potential 
in 2030. Slow growth is experienced as implementation of large-scale hydro-
power is restricted by environmental constraints as most feasible sites are already 
developed. 

b) Countries that have implemented less than 50% of the technical potential in 2005 
are assumed to reach no more than 50% of the technological potential in 2030 
and experience much higher growth in the years in between (2005 to 2030).  

 
From this approach, we estimate a growth of LHP from 300 TWh electricity generation in 
2005 in EU-27 to a deployment potential of 400 TWh in 2030.  The corresponding annual 
growth rate of electricity production is about 1.5%. Among the countries with large unex-
ploited potentials for LHP in absolute terms are Italy and Sweden. The realisable electric-
ity generation potential of SHP in EU-27 is estimated to grow from 44 TWh in 2005 to 47 
TWh in 2030.  
 
Turkey is one of the few countries where there still is a large untapped potential. Turkey 
could have an increase from 40 (2005) to over 108 TWh (2030) in its large-scale hydro-
power potential. Only 0.7 TWh of an untapped technical potential of 30 TWh of SHP has 
been developed to date (Balat, 2007). 
  
A summary of the key data of this options are give in Table 1. 
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New large scale hydropower (>10MW)  2005 2020 2030 

Deployment potential  TWhe 300 352 398 

Investment cost (1% progress ratio)1) €/kWe 1,800 1,795 1,794 

O&M cost €/kWe/year 35 35 35 

Average lifetime Year 50 50 50 

Load hours  Hours 7,000 7,000 7,000 

Electricity production costs €/MWhe 17 16.9 16.9 

 

New small scale hydropower (<10MW)  2005 2020 2030 

Deployment potential  TWhe 44 45 47 

Investment cost (1% progress ratio) €/kWe 2,350 2,345 2,342 

O&M cost €/kWe/year 40 40 40 

Average lifetime year 50 50 50 

Load hours  hours 6,000 6,000 6,000 

Electricity production costs €/MWhe 24.9 24.9 24.9 

1) a progress ratio if 1% indicates that a doubling of capacity reduces costs with 1%  
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Extra hydropower capacity can be provided by new hydro power plants (see previous sec-
tion) but also by modernizing and expanding existing hydropower systems.  
 

� � � � �  � � � � 	 
 � 
 � 
 �

For LHP, three ways of increasing the existing potential are identified: a) modernisation 
of the plant, b) construction of a new plant at sites already in use and c) extension of the 
capacity. Often, a combination of these measures is applied. Modernisation of hydro-
power plants includes the exchange of turbine, generator and control equipment. The op-
tion to build new plants at sites already in use is not a very realistic option from a present-
day perspective, partly for nature conservation reasons. The extension of capacity in-
volves the placement of additional turbines. For SHP only modernisation measures are 
suitable, extension measures are often not attractive because of high costs for small sized 
schemes. 
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In Table 2 the costs for extension and modernisation of hydropower plants in Germany is 
given, derived from DLR (2004). For hydropower schemes with capacities below 5 MW 
costs are given for modernisation measures. Schemes with capacities above 5 MW are as-
sumed to value extension measures higher than modernisation measures. The table shows 
that modernisation can be achieved against costs between 1500 – 4200 €/kW for SHP. 
The extension of LHP can be done against even lower costs of 2100 – 3100 €/kW.  
For LHP the cost estimation refers to the extension of hydropower schemes. For SHP the 
costs for modernisation measures are applied. In this study, the costs for exten-
sion/modernisation of LHP used are 2600 €/kW and come only slightly down by 2030 to 
2590 €/kW. The anticipated costs for modernisation of SHP are 2500 €/kW in 2005 and 
reduce to 2490 €/kW up to 2030 (see summary Table 3). 
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Power  70 kW 300 kW 1 MW 10 MW 100 MW 

Full load hours hours/year 4,000 4,300 5,000 5,500 5,700 

Investment cost       

New €/kW 8,600 7,000 5,400 4,900 4,600 

Modernization/extension €/kW 4,200a) 2,600a) 2,500a) 3,100b) 2,100b) 

Operation and Maintenance cost       

New % of inv. cost 3 3 3 3 3 

Modernization/extension % of inv. cost 5 5 5 5 5 

Electricity generation cost       

New ct/kWh 22,1 16,7 11,1 9,1 8,3 

Modernization/extension ct/kWh 12,9 7,4 6,2 6,9 4,5 

Depreciated sites ct/kWh  6,5 4,9 3,2 2,7 
* Modernization,  ** Extension 

 

� � � � �  � 
 � � 	 � � � � � �

 
We assumed that modernisation/extension measures can still be applied to 50% of the ex-
isting stock in 2030, for both SHP and LHP. Key data for these options are give in Table 3 
below. The results show that the deployment potential for SHP in the EU-27 is estimated 
at 4.4 TWh in 2030. Modernization of LHP has a significant higher potential of almost 16 
TWh in 2030 (and 5 TWh in Turkey). 
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LHP  2005 2020 2030 

Deployment potential  TWhe - 0.782 16 

Investment cost (progress ration x%)  €/kWe 2,600 2,594 2,591 

O&M cost €/kWe/year 130 130 130 

Average lifetime year 30 30 30 

Load hours  Hours/yr 7,000 7,000 7,000 

Electricity production costs €/MWhe 40 40 39.0 

     

SHP  2005 2020 2030 

Deployment potential  TWhe - 0.087 4.4 

Investment costs (progress ration x%) €/kWe 2,500 2,495 2,491 

O&M cost €/kWe/year 125 125 125 

Average lifetime Year 30 30 30 

Load hours  Hours/yr 6,000 6,000 6,000 

Electricity production costs €/MWhe 44.9 44.8 44.8 

* A discount rate of 4% is used to calculate the annualised investment cost (social cost) 
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Globally, the cumulative installed wind energy capacity reached about 120 GW in 20083. 
The biggest wind power market is Europe with 65 GW installed (54%), of which 63.5 
GW on-shore and 1.5 GW off-shore. EWEA (2009) expects that the total installed wind 
capacity on land will reach 160-200 GW by 2030. Off-shore capacity may grow to 40-150 
GW (EurObserver, 2007). Such total wind power capacity could produce some 15-20% of 
the electricity demand in 2030.  
 
One of the major challenges for such high penetration of wind power is the effective inte-
gration into the European electricity systems. According to EWEA there are no major 
technical limitations to reach to a share 40% wind power in the total electricity production 
(EWEA, 2006).  
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Turbine technology has largely reached maturity and no significant technological im-
provements are expected to occur up to 2030 (McLean, J.R., 2007). Technological im-
provements in turbine design and turbine control systems will be of an incremental char-
acter and are not likely to cause significant improvement in turbine power performance 
(power output as a function of wind speed). Another trend is that wind turbines will be 
developed that reach rated power at lower wind speeds. The saturation of windy sites and 
the need for development of less windy sites pushes this trend. Currently, rated power is 
reached at 13 m/s, but it is anticipated that rated power will be reached at wind speeds of 
12 m/s for on-shore turbines. For off-shore turbines no changes are foreseen. 
Although no significant technological innovations in wind turbine technology are ex-
pected, there will be developments in rated power, diameter and hub height of wind tur-
bines. The capacity of wind turbines has increased significantly over the years, starting 
with average sizes of 50 kW in the beginning of the 80’s and arriving at the first 5 MW 
prototypes in 2005 (see Figure 5). The first 5 MW turbines, developed by RePower, have 
a hub height of 120 m and a rotor diameter of 126 m4. Upscaling of wind turbines will 
continue in the next 20 years. Figure 5 shows that economies of scale cause turbine sizes 
to increase further to 8-10 MW within years. Some experts expect no physical barriers up 
to wind turbine sizes of 20 MW.   
 
Currently, off-shore wind turbines are ‘marinated’ versions of land wind turbines and suf-
fer from the harsh off-shore environment, which results in high fall-out and therefore low 
yields. The off-shore wind market needs dedicated off-shore wind turbines with large ca-
pacities, low weight, high availability and low maintenance. One of the new off-shore 
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wind concepts that currently is tested is the direct drive wind turbine developed by Dar-
wind5. The turbine will be a 5 MW direct drive wind turbine. 
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On-shore and off-shore turbine investment costs 
Turnkey investment costs for wind turbines are estimated to be around 1000 €/kW for on-
shore and 1200 – 1850 €/kW for off-shore wind farms (Junginger, 2005). Several studies 
indicate higher turnkey investment costs for off-shore wind; ECN (2006) reports specific 
investment cost of 1844 – 2204 €/kW, which is well in range with the off-shore costs of 
1750 to 2140 €/kW given by IEA (2006). EWEA (2006) estimates the costs for near shore 
projects in sheltered waters to be 1250-1400 €/kW and gives relatively low costs 1800 
€/kW for off-shore projects compared to other sources. The investment costs of off-shore 
wind are higher because the wind turbines need to be specifically designed for operation 
in harsh off-shore environments. The costs of off-shore installations can be 35% to 100% 
more expensive compared to on-shore installations, mainly caused by relatively high costs 
for foundation and grid connection. Table 4 shows that turbine costs dominate on-shore 
wind energy costs and that foundation and grid connection become more significant in 
off-shore installation cost. 
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 On-shore Off-shore 

Total turnkey investment cost 800 – 1,100 €/kW 1,200-2,200 €/kW* 

Wind turbine 65-75% 30-50% 

Foundation 5-10% 15-25% 

Internal grid and grid connection 10-15% 15-30% 

Installation 0-5% 0-30% 

Others** 5% 8% 

* Upper boundary of 2200 €/kW derived from (ECN, 2006), ** Miscellaneous items such as engi-

neering costs, project management, interest during construction, et cetera. 

 
The investment costs for off-shore wind depend heavily on the distance to the coast and 
the depth of the sea. Increasing distance from the coast generally means increasing sea 
depths and therefore higher investment costs. Today, wind farms are only placed in water 
depths up to 20 to 30 m. But technologies are under development for projects in areas 
with larger sea depths. 
 
Factors affecting (future) costs 
There are four main factors that drive the price of wind turbines, i) the technological pro-
gress,  ii) steel-, copper and carbon fibre prices, iii) the ability of the supply chain to meet 
demand (BWEA, 2007) and iv) whether or not a system approach will be used in utilising 
the seas as a sustainable energy source.  
i. A major driving factor in the historical cost decrease of wind turbines has been the 

up-scaling of the turbines (Junginger, 2005; Coulomb and Neuhoff, 2006). There are 
good arguments to assume that up-scaling will continue to be a major factor pushing 
down the costs of off-shore wind. The size of off-shore turbines is envisaged to in-
crease from an average size of 2-6 MW sold nowadays to 10 MW in 2030. For on-
shore turbines, the commercial size range sold today is typically from 0.75 to 2.5 MW 
(GWEA, Global wind energy outlook, 2006). Various studies assume that the size of 
on-shore wind turbines will continue at a level of 2 MW for 2020 and 2030 (Green-
peace, GWEA, 2006; EWEA, 2008). 

ii.  Steel, copper and carbon-fibre commodities are the major components of wind tur-
bines. Pushed by the fast growing Chinese economy, the price per tonne of hot rolled 
plate that is used in the turbine tower increased from 320 €/tonne in 2004 to 650 
€/tonne in 2005. This has been an important contribution to the steep rises in the 
prices of wind turbines in the past few years.  

iii.  The ever-growing demand of wind turbines on a global scale causes the wind market 
to be in a market pull situation with high pressure on the suppliers of sub-components, 
especially of gearboxes (ReCarb, 2007). In 2006, the order books of leading suppliers 
were filled for about 1.5 to 2 years (BTM Consult, 2007). The shortage of turbine 
components pushes wind turbine costs up and as a consequence wind power prices.  
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iv. For off-shore wind specifically, additional cost reductions may come from applying a 
system perspective towards the deployment of the seas for sustainable energy produc-
tion, such as presented in the Poseidon6 or Supergrid7 visions. The Poseidon concept 
proposes combining off-shore wind with other off-shore renewable energy sources 
and with the off-shore conversion of gas (and oil) into electricity. An off-shore grid 
will connect wind, wave and osmotic power projects to national grids and can reduce 
grid connection costs to a significant extent. 

 
The combined effect of the first three driving factors on the wind turbine prices over the 
past few years is reflected in Figure 6.  
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Assumed future development in investment costs 
 
The aforementioned market factors have increased the prices of wind turbines over the 
past few years. Here, we ignored these turbulences in market prices,  set wind turbines 
costs in 2005  at 1300 to 2500 €/MW (off-shore) respectively 887 €/MW (on-shore) and 
assumed a decrease of costs over time of 30 to 50% towards 2030 (see Table 5). The cost 
decrease is due to economies of scale as calculated from historic so-called progress ratios 
of 9% for off-shore wind and 7% for on-shore wind (IEA, 2007)8.  
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Several recent studies have provided outlooks for the maximum deployment rate of wind 
power in Europe (Coenraads et al., 2008; EWAE, 2008), see Figure 7.  Rather than devel-
oping another scenario, we chose to use the results of the EWEA reference scenario on the 
EU-level, as a basis for our assessment (see Figure 7). To arrive at a more detailed as-
sessment, we applied the following steps:  
 
On-shore wind 
�  Potentials were defined by country in four load-hour classes (1000-1500 hours, 1500-

2000 hours, 2000-2500 hours and 2500-3000 hours)9.   
�  Technical potentials for wind power were taken from EEA (2009).  

�  In a given future year, the incremental (compared to 2005) TWh on-shore prediction 
from the EWEA on the EU level was distributed over countries and wind classes ac-
cording to the distribution of technical potentials. As a result, countries tend towards a 
same share of their technical potential. Thus, countries that were front runners in 2005 
keep a higher share and countries with a large potential also get a larger amount of 
wind power in absolute terms. 

Off-shore wind 

�  Off-shore potentials were defined per country in four distance-to-coast classes (0-10 
km, 10-30 km, 30-50 km and >50 km).     

�  Technical potentials were taken from EEA (2009).  

�  Like for on-shore wind, EWEA-derived TWh potential on the EU level was distrib-
uted over countries, according to the distribution of technical potentials.  The off-
shore production potential was distributed over 4 the off-shore classes as follows 9% 
(<10km), 45% (10-30km), 37% (30-50km), 10% (>50km). The low shares for the 
close and far from coast classes are motivated by competition with other activities 
(shipping, leisure) respectively higher investment costs (deeper ocean, larger distance 
to shore).   
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Summary data for the deployment potential and costs for each of the off- and on-shore 
classes are given in Table 5 and Table 6.  
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Off-shore wind (<10 km)  2005 2020 2030 

Deployment potential TWhe 0.23 11 38.6 

Investment cost (9% progress ratio) €/kWe 1,300 901 706 

Electricity production costs  €/MWhe 44.5 36.1 32 

Off-shore wind (10-30 km)     

Deployment potential  TWhe 1 59 207 

Investment cost (9% progress ratio) €/kWe 1,750 1,371 1,074 

O&M cost €/kWe/year 65 65 65 

Electricity production costs  €/MWhe - 47.4 41.2 

Off-shore wind (30-50 km)     

Deployment potential  TWhe 0.7 4.8 170 

Investment cost (9% progress ratio) €/kWe 2,000 1,567 1,227 

O&M cost €/kWe/year 70 70 70 

Electricity production costs  €/MWhe - 52.9 45.8 

Off-shore wind (>50 km)     

Deployment potential TWhe 0.7 13.5 47 

Investment cost (9% progress ratio) €/kWe 2,500 1,958 1,534 

O&M cost €/kWe/year 75 75 75 

Electricity production costs  €/MWhe - 62.6 53.7 

Generic parameters for all 4 measures     

Average lifetime year 20 20 20 

Load hours  hours 3,500 3,500 3,500 
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On-shore wind 1000-1500 lh  2005 2020 2030 

Deployment potential  TWhe 25.1 125 169 

Load hours  hours 1,250 1,250 1,250 

Electricity product costs  €/MWhe 73.5 55.8 51.5 

On-shore wind 1500-2000 lh      

Deployment potential  TWhe 19.1 88 118 

Load hours  hours 1,750 1,750 1,750 

Electricity product costs  €/MWhe 52.5 39.8 36.8 

On-shore wind 2000-2500 lh      

Deployment potential  TWhe 13.4 78 107 

Load hours  hours 2,250 2,250 2,250 

Electricity product costs  €/MWhe 40.8 31 28.6 

On-shore wind 2500-3500 lh      

Deployment potential  TWhe 9 53 72 

Load hours  hours 2,750 2,750 2,750 

Electricity product costs  €/MWhe 33.4 25.3 23.4 

General parameters for all options     

Investment cost (progress rate 7%) €/kWe 887 673 621 

O&M cost €/kWe/year 27 20 19 

Average lifetime year 20 20 20 
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Solar cells convert irradiation directly into electrical current by employing the photo-
voltaic effect: (sun-) light is absorbed in the cell, and charge carriers are generated and 
separated, which allows power to be delivered to an external load.  
 
In 2007 the overall installed solar photovoltaic capacity (PV) in the EU was 4.7 GWp, 
producing some 4 TWh electricity, which is 0.1% of the overall electricity production of 
the EU-27. Installed PV-capacity has grown fast over the 2000-2007 period, on average 
37% per year. The largest capacities (2007) are installed in Germany (3.8 GWp), Spain 
(0.52 GWp) and Italy (0.10 GWp). 
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Here we focus on two main groups of cell technologies: silicon based crystalline wafers 
(c-Si) and thin film cells, of which amorphous silicon cell technology is presently the pre-
dominant one. 
  
Wafer based silicon cells are more expensive to produce than thin film cells. This is be-
cause silicon wafer based technology uses considerable more silicon than thin film cells 
(1 � m and thinner). Thin film cells are less expensive but also have a lower efficiency. 
The material is thinner and therefore can be applied more flexibly. A drawback of thin-
film cells is the higher defect density compared to conventional crystalline cells, which 
reduces the quality and stability of the semiconductor (Meyer and van Dyk, 2003). 
 
The individual solar cells are grouped into solar modules (panels). Note that all the calcu-
lations in this study are made with module efficiencies rather than individual cell efficien-
cies. The efficiencies of the cells are multiplied with a packing factor, which stands for the 
cell/module area ratio. The overall efficiency of a module is always lower than the indi-
vidual cell efficiency because cells cannot be packed together inside a module with 100% 
space efficiency.  
 
The modules can be integrated into the structure of a building (e.g. rooftop, façade). This 
application is called Building Integrated PV (BIPV). The size of these systems is between 
1 – 10 kW for home systems, although occasionally they can be larger e.g. on agricultural 
buildings. Solar panels can be grouped together into a frame, called an array, which is 
able to produce several kW of power. To create a PV system, so-called Balance of System 
(BOS) components10 have to be added to the system. Interconnected panels form a Me-

                                                      
�� �� �����������������&>�,������/�����5�����������:%� ���
�������������&:�,�����
������
���������(
��������'����$�� ��>�����:�����5��������
<����%
���� ��
����5�����$�� �������������� ��	
%
�������
.'������&	�.,�����������$��� ���	�.������������
��� �������������������������
�<�����'�������
�
/%��������%�������
������
��
����������-1��'����� /
���������
���� 
����������%%����
����%%$�
� ����@������	�.����������������������� ��
��%��
�� ���
����'�������������
����$�



�

� � � �7�

�

dium- to Large-Scale PV (LPV) installation which has a power output between 10 kW and 
1 MW and 1 – 100 MW. These larger systems are typically installed on the ground. 
 
 
Module efficiency (development) 
 
Table 7 shows averaged efficiencies of wafer and thin film PV modules in 2005. 
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Crystalline wafer based modules  Packing factor * 
Average module effi-

ciencies (2005) 
Best technology** 

(2005) 
Monocrystalline 87% 14.4% 22.7% 
Multicrystalline 87% 12.6% 15.3% 
Ribbon sheet c-Si 87% 12.2% 18.1% 
  13.1%  
Thin film modules     

Amorphous silicon (a-Si) 94% 6.1% 8.3% 

Cadmium telluride (CdTe) 94% 8.5% 10.7% 

CIS 94% 9.9% 13.4% 

a-Si/ µc-Si 94% 7.5% 10.4% 

  8.0%  

* Phylipsen and Alsema (1995) 

** Green et al. (2006) 

 
These efficiencies are expected to further improve over time (Table 8). Data from this ta-
ble were derived as follows. First of all, several independent literature sources predict 
similar future (2005 2030) improvements of cell efficiencies. We took 2005 cell efficien-
cies from Solar generation IV (Wolfsegger et al., 2007) and Evergreen solar as representa-
tive for wafer based and thin film modules and multiplied these with so-called packing 
factors derived from Phylipsen and Alsema (1995). These packing factors are likely to 
improve during the 25-year period of this study, but we did not take this into account. Fur-
thermore, we assumed a constant mix of Crystalline/Thin film applications in BIPV of 
60 % / 40 %, consistent with estimates from literature. Thus, we predict an overall effi-
ciency trend for BIPV modules from 12.7 % in 2005 to 18.6 % in 2030. In our calcula-
tions, we used a constant (module-volume weighted) average of 17.6%, derived from the 
values in Table 8.   

���������	
���
� Not in ref. list 
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Average efficiencies of PV modules (Crystalline sil icon and Thin Film) 

  2005 2010 2015 2020 2025 2030 

Crystalline wafer based module 13.1% 16.0% 16.8% 17.7% 18.6% 19.4% 

Thin film module 8.0% 10.3% 12.2% 14.1% 16.0% 17.9% 

Expected technology share       

Crystalline wafer based modules 93.5% 80% 70% 60% 55% 50% 

Thin film modules 6.5% 20% 30% 40% 45% 50% 

Weighed efficiency        

Mix crystalline + thin film 12.7% 14.8% 15.4% 16.3% 17.4% 18.6% 

 
 
BIPV roof and façade systems 
 
A convenient place to install PV is on south facing parts of existing building stock. This 
can be done on flat or tilted roofs and on the façade of a building. The major advantage of 
PV on buildings is the availability of existing structures which avoids the use of land that 
could be used for other purposes. For the systems used on existing buildings the slope of 
the roof might affect the performance of the PV system. New buildings could potentially 
be designed for optimal integration and performance of PV-systems. The optimum angles 
for south facing roofs have been calculated by Šúri et al. (2007) (Figure 8). 
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Medium to Large scale PV 
 
PV systems can also be installed in fields, thus lowering the costs because of economies 
of scale. These large-scale PV systems may have a one or two axis tracking system to op-
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timise the capture of direct irradiation. This increases the costs of the BOS components, 
however, the solar yield will increase. A good example of this is the 11 MW Serpa solar 
power plant in Portugal: this plant interconnects 52 000 PV modules and has a 1-axis 
tracking system. 
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Costs and cost developments over time for PV were calculated using the following three 
parameters: 
�  Current module and BOS costs  

�  Market growth and resulting technology learning 

�  So called progress ratio: calculated costs decreases with increasing market growth. 

 
Current module costs 
The solar cells make up the largest part of the costs of the solar modules. The rest of the 
turn-key cost is the so-called BOS costs which consists of the costs of inverters, tracking 
systems, charge controllers, cabling, enclosures and installation costs. Current costs were 
taken from the IEA-PVPS T1-15 report (2006), see Table 9 below. 
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Turn-key system and mod-

ule prices (2005) €/Wp  
Systems below 10 

kW Systems above 10 kW Modules 
  low high  Low high  Low high  
Austria 5 6 5 5.5 3.6 3.9 
Denmark 4.5 10.8 6.7 13.5 4.1 6.7 
France 6.5 6.5 4.5 4.5 4.2 4.2 
Germany 6 6   4 6 
Italy 6 8 5.5 7 3.2 4 
Netherlands 5.5 6 4.8 4.8 3.8 5 
Sweden 6 6 5.4 5.4 3.5 7.6 
United Kingdom 6.9 22.4 5 15.5 3.6 6.3 
Average: 5.80 8.96 5.27 8.03 3.75 5.46 

* Waver based modules have >90% of the present market share. Thin film is cheaper but has at a lower effi-

ciency. We assume that for the time being the price per Wp is equal.  

 
For operation and maintenance costs we used the estimations of Green-X (Ragwitz et al., 
2003). According to this source, O&M accounts for 0.8% of the investment costs for 
small systems (5-20 kW) and 0.7% for larger ones (> 50 kW). Home systems need very 
little maintenance except for the inverter, which has a current lifetime of 15 years. 
 
Prices of solar modules, as well as the BOS costs, differ throughout the EU. We assumed 
Europe as one market and used the average prices based on the prices in the eight coun-
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tries that participated in the IEA project (Table 9). The BOS costs are approximately one 
third of the total costs for crystalline wafer based modules, for thin film modules this 
share is larger.  
 
Market growth and technology learning  
Table 13 shows annual module production estimates according to the 2007 Greenpeace-
EPIA advanced scenario (Wolfsegger et al., 2007). The growth rates used are 40 % for 
2007 – 2010, 23 % 2011 – 2020 and 15 % 2021 2030. We used this growth scenario to 
estimate the price decrease over time of PV modules, due to technology learning and 
economies of scale. Price decrease over time was based on a progress ratio of 0.79 (Van 
Sark et al., 2007). This value was confirmed by Parente et al. (2002) (0.77 0.82). Note that 
we assumed the same prices for wafer and thin film based modules (thin film price per m2 
is lower, but efficiency is also lower and price per Watt peak is comparable).  
 
Results are shown in  
Table 10. Due to the assumed strong market growth and based on historic progress rates 
for PV, we estimate a module price decrease by around a factor of 6 between 2005 and 
2030.   
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BIPV (1-10kW)   2005 2020 2030 
Turn-key costs (€/MWp) 5,800,000 1,459,100 1,005,600 

Module costs (€/MWp) 3,750,000 943,400 650,100 

BOS (€/MWp) 2,050,000 515,700 355,400 

O&M costs (€/MWp/yr) 46,400 11,670 8,040 

          

Large Scale PV   2005 2020 2030 

Turn-key costs (€/MWp) 5,271,400 1,326,200 913,900 

O&M costs (€/MWp/yr) 36,900 9,280 6,400 

  
 

Land price is not an important factor for LPV 

Large-Scale PV (MSL-PV) also has to take into account the cost for the use of land. Agricultural 

land prices are high in e.g. in The Netherlands and Germany. To estimate the effect on the costs for 

PV we assumed an average price for land of 12,000 €/ha. The land lease prices are on average 5% 

of this amount in Western Europe (Karafotakis et al., 2006) which is 600 €/ha/yr or 0.06 €/m2/yr. To 

install 1 kWp of crystalline wafer based modules, 12m2 of land is needed, taking into account a 

space factor of 50%. The result is an additional 0.72 €/kWp annual cost. This is less than 1.7% of 

O&M costs in 2005 and 8.3% in 2030 due to decreasing O&M costs in time. Thus, land price is not 

an important cost factor at this moment. It will become relatively more important when the module 

prices and other investment costs decrease over time.  
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Residential buildings 
In this section we calculate the technical potential of installing BIPV. This potential is de-
fined by the area of roof and façade surfaces available for PV. The technical potential is 
only calculated for existing roof and façade surfaces of buildings in 2005, based on popu-
lation statistics of 2005. It is likely that this potential will slightly grow over the years and 
that the solar yield on newly built buildings will be higher, but this was not taken into ac-
count. 
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The calculation of the technical potential for PV in the residential sector has been done ac-
cording to the flow scheme of Figure 9: 
�  Residential floor area (in m2): Floor areas (m2 per dwelling) and the average number 

of persons in a dwelling were derived from the Housing Statistics in the European Un-
ion 200411. Missing data for the EU25+2 were taken from the Bulletin of Housing 
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Statistics for Europe and North America 2006 (UNECE, 2006). The calculated floor 
area per capita was multiplied with the country populations found in the Eurostat da-
tabase12. The result is the floor area of private households (in m2).  

�  Roof area .To calculate the roof area the number of floors had to be determined since 
higher buildings have less roof surface per dwelling than lower buildings. In the same 
Housing Statistics in the European Union 2004 the share of multi-family and high-rise 
dwellings in the total dwelling stock is given. Missing data were completed by aver-
age data of the EU-15 or the ten countries that accessed the EU in 2004. We differen-
tiated between these two groups of Member States, since these new EU member states 
have a different composition of their building stock. The number of floors is not 
available in any European statistics so the following assumptions were made:  

o single family dwellings: 2.5 floors,  

o multi-family low-rise: 3.5 floors  

o high-rise multi family (buildings with more than 4 floors): 8 floors 

The derived ground floor area is multiplied by a factor of 0.4; the solar architecturally 
suitable area of a roof compared to a ground floor area of 1 as determined by Nowak 
et al., (2002). 

�  Façade areas: For façade areas a different approach was followed: to determine the 
suitable south facing area per dwelling, data from IEA (2002)13 were used. The south 
facing areas of the standard IEA reference row house (2 floors) and IEA reference 
apartment building (4 floors) were determined in relation to their floor surface. We 
used 50% of these south facing areas to be suitable for installation of PV taking into 
account construction, historical and shading elements including vandalism factor 
(Nowak et al., 2002). Since we know the living area space of these standard buildings 
we could determine the relation with the floor area in stead of the ground floor area. 
The results were: reference row houses 6.3% of suitable façade area and apartment 
buildings 8.4%. We assumed that these figures approximate the usable façade areas 
for all row houses and apartment buildings irrespective of their height.  

�  Technical potential annual electricity production: To calculate the potential annual 
electricity production in the individual countries of the EU, the following formula has 
been used: 

 
E = A * POA * �  * PR      

 
In which: 
�  E: annual electricity production (MWh/yr);  

�  A: usable roof or façade surface (km2);  

�  POA (Plane Of Array): average yearly irradiation in the tilted horizontal or verti-
cal plane per square meter (kWh/m2/yr);  

�  � : average module efficiency (%);  
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�  PR: performance ratio. A ratio that expresses the difference between performance 
under standard test conditions and the actual output of the system due to losses: 
e.g. deviation from standard test temperature (25°C), losses due to an offset from 
the optimal angle, cable and inverter losses.  

 
The Performance Ratio was set at a constant factor of 0.75, a typical value for this pa-
rameter at this moment. The ratio will be improved towards values above 0.80 if more ex-
perience has been gained with roof mounted PV systems (Westerhuis and Verhoef, 2008).  
 
The calculated roof and façade surfaces were multiplied by irradiation data (POA) from 
the Joint Research Center (JRC) published by Šúri et al. (2007). For roof areas the hori-
zontal annual irradiation for optimum angle was used, assuming that the panels are tilted 
with an optimal angle towards the sun (dependent on the latitude see Figure 8). For the 
façade areas, the vertical yearly irradiation was available.  
 
Non residential buildings 
The above described calculations only include the residential part of the building stock. 
There is also a large non-residential building stock with potential for the installation of so-
lar panels. For these non-residential buildings (agriculture, industry, offices, education, 
health care, hotels, retail etc.) the assumption was made that the average share of the floor 
area is 46% of the total building stock in European countries. Specific country data were 
not available. The assumption was made based on data from the EPA-NR report (Poel, 
2007) and is in line with the statistical building from Nowak et al. (2002). The rest of the 
calculations are made in the same way as for buildings in the private sector. Again an as-
sumption had to be made about the number of floors. The average non-residential building 
is assumed to have 4 floors. This assumption only influences the calculated roof area. 
 
The overall result of our BIPV technical potential estimates are given in Table 11. 
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Private households EU-27 

Roof Façade 
Total surface (km2) 3,537 2,393 
Potential installed capacity (TWp) 625 423 
Potential Electricity production (TWh) 624 290 
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Large scale PV (LPV) systems in fields often have 1-axis or 2-axis tracking systems that 
improve the solar yield. Because of the higher costs and complexity of 2-axis systems this 
study has concentrated on the 1-axis tracking system as the most relevant option. We 
compared several studies on tracking systems (see Table 12) to conclude that a perform-
ance improvement of 25% extra irradiation yield is a realistic assumption for all latitudes 
in the EU provided that the optimal tracking system for the given latitude has been used.  
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Study Tracking system Performance 

gain of yield 

Latitude 

Abu-Khader et al. (2006) N-S axis tracking system 30-45% 30 degrees 

Tomson (2007) two position tracking system 10-20% 60 degrees 

Huang and Sun (2006) one axis three position tracking 

mechanism 

24-27% 45 to 65 degrees 

 
The size of the technical potential depends for LPV on the amount of available land. We 
assume that 0.5% of the agricultural area is non-productive or non-used land and can be 
used for installation of PV plants. Only 50% of this available space will be used effec-
tively, to prevent the modules from shadowing and to create the necessary moving space 
for the tilt system. Overall, we estimated the available area for LPV at 11866 km2 for the 
EU-27.  
 
The overall technical potential of LPV capacity in the EU27 was calculated at 850 GW, 
which potentially generates 1125 TWh/yr.  
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In the previous sections we derived the technical potential of BIPV and LPV. The extent 
to which this potential is reached, however, is limited by the maximum growth rate of the 
PV module market.  
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The 2007 Greenpeace-EPIA advanced scenario (Wolfsegger et al., 2007) estimates such 
maximum growth rates on a global and EU (Table 13). We used the market growth and 
2030 module capacity from this Greenpeace-EPIA scenario to set our overall EU-
deployment potential for PV. To distribute this deployment potential over EU-member 
states, BIPV and LPV we applied the following rules:  
�  We assumed the BIPV and LPV markets to be fully separated and set a 50-50% mar-

ket share for BIPV and LPV-LPV in 2030. Though the current market is dominated 
by BIPV (due to policies), we assume that LPV will (strongly) gain market share be-
cause of its higher cost-efficiency (LPV produces more electricity per module due to 
the tracking system) 

�  Within BIPV we set a fixed market of 90% PV-capacity on roofs and 10% on façades.  
�  BIPV and LPV were distributed over Member States by the countries’ production po-

tential, which depends on the technical potential (see previous section) and the irra-
diation levels in different countries. As a result, all member states get a share of the 
total available volume of modules, but southern countries get a higher share. This dis-
tribution reflects the national policies on BIPV on the one hand (also in countries 
were irradiation is less optimal) but prioritises the southern EU countries where PV is 
more cost-efficient. E.g. Italy implements in our scenario 30% of its roof-PV potential 
whereas the UK implements 19% (in GWpeak).  

 
Overall results are shown in Table 14.  
 
 

  2000 2005 2010 2015 2020 2025 2030 
Annual world wide PV 
modules production 
(MWp) 

278 1,320 6,564 18,479 52,023 104,637 210,463 

Growth rate 38% 26% 40% 23% 23% 15% 15% 

Cumulative installed ca-
pacity world (GWp) 1.4 5.2 24 88 267 670 1,482 

Share Europe (%)  33% 43% 41% 40% 31% 22% 

Estimate cumulative in-
stalled in Europe (GWp)  1.7 10 36 106 207 326 
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Totals EU-27 2005 2020 2030 

Roof PV        

Installed capacity (GWp) 1.5 47 147 

Electricity produced (TWh/yr) 1.3 55 174 

Production costs (€/MWh) 250 – 480 64 – 290 44 – 225 

Façade PV       

Installed capacity (GWp) 0.2 5 16 

Electricity produced (TWh/yr) 0.1 4 13 

Production costs (€/MWh) 410 – 670 100 – 440 70 – 315 

Total BIPV       

Installed capacity (GWp) 1.6 52 163 

Electricity produced (TWh/yr) 1.4 59 187 

    

LPV 1-axis tracking       

Installed capacity (GWp) 0.2 51 163 

Electricity produced (TWh/yr) 0.2 92 296 

Production costs (€/MWh) 180 – 350 46 – 138 32 – 160 
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Solar thermal power, also called Concentrating Solar Power (CSP), is a way of producing  
solar electricity by concentrating direct sunlight 100 to 1000 times using some kind of 
mirroring system to produce solar heat. There are three leading technologies at the mo-
ment: Parabolic Trough Collector (PTC), Central Receiver System (CRS), also called So-
lar Tower, and Parabolic Dish/Stirling system. The main advantage of this way of conver-
sion (except for the Dish/Stirling) is the possibility to store part of the collected heat be-
fore producing the electricity. This increases the availability to up to 24 hours a day dur-
ing summer, giving it the ability to produce electricity without interruption and availabil-
ity during all peak periods, including the evening peak. CSP is able to achieve substantial 
higher annual load factors compared to wind energy and PV. Because CSP needs direct 
irradiation, the technique is only suitable at locations with a high number of sunny days. 
 
Today’s commercial experience with CHP largely results from nine parabolic trough 
plants situated at Kramer Junction, California, with a total capacity of 354 MWe. Built be-
tween 1983 and 1991 these plants still represent a large percentage of the total commer-
cial installed capacity world-wide. Only recently new commercial plants are built (see 
Table 15). In addition, three Integrated Solar Combined Cycle System (ISCCS) plants are 
under construction in North Africa (Algeria, Egypt and Morocco). Although these plants 
are a combination of fossil fuelled and solar technology, they do help to build up experi-
ence and reduce the costs of the Through-technology. 
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CSP Plant 

name 

Country Capacity Type Transfer 

medium*  

Thermal 

storage 

Stage of tech-

nological de-

velopment ** 

Start of 

operation 

Saguaro USA 1 MW Trough Synthetic 

oil 

none Commercial April 2006 

PS 10 Spain 11 MW CRS Saturated 

steam 

50 min Commercial / 

RD&D project2 

March 

2007 

Nevada Solar 

One 

USA 64 MW Trough Synthetic 

oil 

30 min  

Commercial 

June 

2007 

AndaSol-1 Spain 50 MW Trough Synthetic 

oil / Mol-

ten salt 

7 hrs Commercial / 

RD&D project2 

Oct/Nov 

2008 

PS 20 Spain 20 MW CRS Saturated 

steam 

none Commercial / 

RD&D project2  

January 

2009 

Solnova-1 Spain 50 MW Trough Synthetic 

oil 

none Commercial Expected: 

2009 

Ibersol Puer-

tollano 

Spain 50 MW Trough  none Commercial Expected:  

January 

2009 

AndaSol-2 Spain 50 MW Trough Synthetic 

oil / Mol-

ten salt 

7 hrs  

Commercial 

Expected: 

Spring 

2009 

Solnova-3 Spain 50 Mw Trough Synthetic 

oil 

none  

Commercial 

Expected: 

2009 

Extresol-1 Spain 50 Mw Trough Synthetic 

oil / Mol-

ten salt 

7 hrs Commercial Expected: 

2009 

Almaden 20 Spain 20 MW CRS  none Commercial Expected: 

2009 

Gemasolar/ 

Solar Tres 

Spain 17 MW CRS Molten 

salt 

15 hrs Commercial/ 

RD&D project2  

Expected: 

2011 
* Second medium refers to a different storage medium. 2RD&D= Research, Development and Demonstration 

** B�H/%����:$����
%$�&�777,  
�
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In this study we focus on solar-only plants. In the European concentrated solar thermal 
road mapping (Pitz-Paal et al., 2005) several promising CSP technologies are compared, 
see Table 16. 
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CSP technologies  

Heat Transfer 

Medium*  

Capacity 

factor  

Storage 

time  

Net effi-

ciency  

Investment 

costs  O&M 

(50 MW)    (hrs)  (M €)  

Parabolic Trough Thermal Oil** 29% 3 14.0% 176 2.3% 

Parabolic Trough Steam 22% 0 10.6% 102 2.9% 

Solar tower Molten salt 33% 3 16.0% 177 3.1% 

Solar tower Saturated steam 26% 0.8 13.6% 166 3.0% 

Solar tower Atmospheric air 33% 3 13.5% 199 2.9% 

Dish/Stirling   22% 0 16.7% 402 2.9% 

* Transfer medium for receiver and storage loops, power cycle uses steam except for Dish/Stirling. 

** Storage fluid is molten salt.  

 
For SERPEC, we defined  two ‘average’ 50 MW CSP plants, based on molten salt stor-
age. We assumed molten salt as the preferred storage fluid because of its cost competi-
tiveness.  The first CSP plant, with 3 hours of molten salt storage, has an average effi-
ciency and investment costs taken from the Ecostar road map. The second one has 15 
hours of storage, to utilise the possibility of an increased load factor at higher costs. This 
option has higher investment costs due to the larger storage capacity and the larger solar 
field (see Table 17). 
 

� 
 /%� � � #6 � " � � � � � 
 � 
 � � � � � � � � � � � � � � *+ � � . - � �% 
 � � �

CSP technologies 

Working 

fluid 

Capacity 

factor 

Storage 

time 

Net effi-

ciency 

Investment 

costs 

Investment 

costs O&M 

(50 MW)   (%) (hrs) (%) (M €) M€/MW (%) 

Trough / Tower Molten salt 31% 3 15% 177 3.54 2-3% 

Trough / Tower Molten salt 64% 15 15% 247 5.13 2-3% 

 
Since most of the SCP-technology is still in the demonstration or early commercialization 
phase, there is little historic information on technology learning and associated cost reduc-
tions (Grübler et al., 1999). The Ecostar roadmap (Pitz-Paal et al., 2005) proposes several 
possible innovations and identifies major cost reduction drivers for each of the considered 
reference systems. The overall cost reductions found in this study is 55-65% for the next 
15 years. We used a 55% cost reduction for the 25-year period of our study (Table 18). 
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Cost reductions based on Ecostar roadmap 
Storage time 

  

-5% -10% -15% -15% -10% 

Average CSP plant (50MW) 

(hrs) 2005 2010 2015 2020 2025 2030 

3 3.54 3.36 3.01 2.48 1.95 1.59 Investment Costs (M€/MW)* 

15 5.13 4.88 4.36 3.59 2.82 2.31 

O&M costs (% of investment costs)  3% 2.8% 2.6% 2.5% 2.2% 2% 

 

 
For the annual operation and maintenance costs (as percentage of investment costs) we 
used the rather high 3% in 2005 which equals the present maintenance costs of solar tow-
ers. We decreased these costs wit 0.2% for every 5 years, reflecting the O&M costs de-
crease at the  Kramer junction CSP-site in California.  
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Technical potential 
The technical potentials for CSP in Europe were derived from the Trans-MED CSP study 
(BMU., 2005). This study used satellite (Meteosat-7) remote sensing to calculate Direct 
Normal Irradiance, which is a measure for the direct sunlight that delivers the heat for 
CSP. These data were combined with a Geographical Information System (GIS) database 
containing information of all the land resources. To calculate the potential, exclusion cri-
teria were determined such as: slope of terrain, land cover, hydrology, geomorphology 
and land use. A threshold value of 1800 kWh/m2 was assumed to exclude areas in the EU 
with low solar yield. Only southern European countries were selected in this way for pos-
sible CSP electricity generation. The technical potential is very large, notably in Spain 
(see Table 19). 
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CSP Technical Potential 

 (TWh/year) 

Cyprus 23 

Greece 44 

Italy 88 

Malta 2.3 

Portugal 436 

Spain 1,646 

Turkey 405 

Total 2,644 

 
Deployment potential 
 
We used the Athene CSP deployment scenario (2005-2025) (Trieb, 2004), which we ex-
trapolated to 2030. In this scenario, the CSP capacity grows with some 20% per year from 
a capacity of 95 MW in 2005 to  20,000 MW in 2030, which corresponds to 3-6% of the 
technical potential (dependent on the load factor). We split that CSP-capacity over the two 
technologies. The 15hrs capacity, which is much cheaper (in €/MWh), grows in from 
2015 on and reaches a 95% share in 2030. Overall results are show in Table 20. 
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Production with 3 hours of storage (GWh/year) 

  2005 2020 2030 

Cyprus 0 22 34 

Greece 0 4 7 

Italy 0 8 12 

Malta 0 2 3 

Portugal 0 155 240 

Spain 0 1,398 2,158 

Total 0 1,589 2,453 

Average production costs (€/MWh)  93.5 46 

 

Production with 15 hours of storage (GWh/year)  

  2005 2020 2030 

Cyprus 0 182 1,335 

Greece 0 36 267 

Italy 0 64 467 

Malta 0 17 127 

Portugal 0 1,293 9,480 

Spain 0 11,635 85,321 

Total 0 13,227 96,998 

Average production costs (€/MWh  75.2 32.1 
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Compared to other renewable energy technologies, technologies that extract ocean energy 
are at an early stage of development. Among the different forms of ocean energy are tidal 
and marine currents, waves, salinity gradient and thermal gradients. In this study tidal and 
marine current technologies (see section 2.7) and wave technologies (this section) are in-
cluded, because of their attractiveness for the EU.  
 
Wave energy is estimated to be the largest ocean energy resource available for exploita-
tion (IEA, 2006). The energy potential of waves differs significantly around the world, but 
most European coasts have an attractive wave climate with wave power levels of the 25 
kW/m off the southernmost part of Europe’s Atlantic coastline up to 75 kW/m off Ireland 
and Scotland (CRES, 2002). EU countries with the largest wave energy resources are Ire-
land, Scotland, United Kingdom and Portugal.  
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Wave energy technology is undergoing a pre-commercial phase. A number of wave en-
ergy systems are being developed, with a few systems at the stage of being developed at 
sea for prototype testing. In 2006, five technologies that have achieved the prototype sea 
trials phase have been identified and described by Sarmento et al. (2006). These five are 
the Archimedes Wave Swing (AWS), the Oscillating Water Column, Pelamis, Wave 
Dragon and Power Buoys. The Pelamis is the one that is closest to park-scale deployment. 
In October 2006, a first commercial wave energy project of 2.25 MW based on Pelamis 
technology started operations in Portugal. The Pelamis Wave Energy Converter is a 750 
kW machine with a length of 120 m and 3.5 m in diameter14. In the future it is planned 
that a larger number of machines will be combined to ‘wave farms’. Combining 40 Pe-
lamis machines of 750 kW each to a ‘wave farm’ on one squared kilometre would gener-
ate enough electricity for over 20,000 homes. Other near-term wave energy conversion 
projects are planned in England, Scotland and Spain. In general, it is assumed that in the 
first phase of commercial development power levels per unit width of 20 kW/m will be 
required to commercially exploit wave energy (Neumann, personal communication, 
2008). 
Other concepts, such as the combination of wave and tidal energy in one device are also 
under development, such as the Wave Rotor. A prototype of this system already delivered 
electricity. The full capacity will be several hundred of kW per device. 
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Wave power is hardly commercialised yet. That there can be significant discrepancies be-
tween projected costs and real costs is highlighted by the Pelamis Wave Energy Con-
verter. Table 21 shows estimated costs for the Pelamis Wave Energy Converter, the con-
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cept that is closest to commercialisation. However, the 2005 prototype turned out to be 
much more expensive than the costs presented in Table 21. The costs of the first 2.25 MW 
Pelamis wave energy farm in Portugal turned out to be over 3500 €/kW (Sarmento et al., 
2006). The operation and maintenance cost are estimated at 10% of the investment cost 
(DTI, 2005). Ocean Power Delivery (2002) expects the operation and maintenance costs 
to be 6% of capital cost per annum for an early 25 MW Pelamis installation. It is expected 
that investment cost of wave energy technologies with capacities of 2 – 50 MW will come 
down to 1800 to 2100 €/kW in the period 2020-2030 (Danish Energy Authority, 2005). 
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  Size 2005 €/kW 
Pelamis - first prototype 500 kW 2,901 

Pelamis - medium term 650 kW 1,088 
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We defined one measure for wave energy; a prototype wave energy conversion technol-
ogy.  Its implementation potential was calculated from the following information: 
�  We used aggregated data on wave energy potentials per country as available from 

Green-X (2004) and  included new country specific data for Portugal (WEC, 2004) 
and Ireland (SDI, 2005). Typically these are countries where the future potential of 
wave energy is expected to significantly contribute to renewable energy targets. The 
overall technical potential for the EU27 is estimated at 158 TWh. 

�  Although not yet commercially available we assume wave energy to have its com-
mercial breakthrough in the period up to 2030 and 20% of the technical potential can 
be developed by 2030.  
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  2005 2020 2030 

Deployment potential  TWhe 0.004 7.16 29.4 

Investment cost  (5% progress ratio) €/kWe 3,500 2,732 2,316 

O&M cost €/kWe/year 83 83 83 

Average lifetime year 15 20 20 

Load hours  hours 2,628 2,628 2,628 

Electricity production costs  €/MWhe 151 108 97 
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In Europe, the cumulative installed capacity of tidal energy amounts to 240 MW. In the 
United Kingdom, Ireland, Greece, France and Italy tidal stream resources have been rec-
ognised as important sources for future energy supply. Studies to assess the marine cur-
rent resource have been carried out in the UK (DTI, 1993), European Union (CEC, 1996), 
and in some of the far-eastern countries (CEC, 1998). Within Europe, the highest tidal re-
sources are to be found around the UK, Ireland, Greece, France and Italy. In these areas, 
106 promising locations have been identified which could, using present day technology, 
supply 48 TWh/y to the European electrical grid networks (Boud, 2003). 
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Basically, there are two ways to extract energy from marine and tidal currents: by means 
of tidal range technologies that use the difference in high and low tides to generate elec-
tricity or by means of tidal stream technologies that use the movement of the water to 
generate electricity.  
 
Tidal range technologies 
In 2005, three tidal barrages with a total capacity of 240 MWe were in commercial opera-
tion in France. A system of dams, turbines and basins is placed in a high tide estuary and 
produces 4 to 5 hours energy in a cycle. Currently, there are concerns about the possible 
significant environmental impacts of tidal barrages. Still, countries such as the United 
Kingdom are looking for opportunities to build new tidal barrage schemes. Various 
schemes are for example proposed for the Severn Estuary.  
 
Tidal stream technologies 
Tidal stream technologies make use of relatively conventional turbines (“under water tur-
bines”) to extract energy from free flowing water (EUSUSTEL, 2007). Still, the only tidal 
stream units are pre-commercial prototypes (ENTEC, 2007). The size range of tested pro-
totypes is 160-300 kW (EUSUSTEL, 2007). Although different types of tidal stream 
technologies have been tested successfully, they have not yet been developed to the size 
necessary for large scale exploitation. Companies with small-scale demonstration proto-
types are expected to develop these to sufficient size by 2010 (SEI, 2005). Tidal stream 
technologies will probably be installed in multi-unit farms rather than in single units. 
 
Future developments 
The number of different tidal current technologies that is under development has experi-
enced significant growth over the past few years. In 2003, only 5 different tidal stream 
technologies were being developed, in 2006 this number had increased to 25 (IEA, 2007).  
Some of these technologies are at or near full-scale development and are tested at sea. Fu-
ture developments for tidal stream technologies will focus on: 
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�  Increased lifetime and lower maintenance efforts. These aspects are considered more 
important than the increase in power output and efficiency (EUSUSTEL, 2007).  

�  Plant designs that can exploit the tidal energy resource at higher sea depths. Today, 
turbines are suitable for placement in waters with depths up to 40 m, the second gen-
eration of turbines is expected to operate at depths between 40 m and 80 m where 
tidal currents are larger.  
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Investment costs of 2300 €/kWe are given for tidal technologies, without further specifi-
cation on type of technology (tidal stream or marine current) by OECD/IEA (2006). The 
Royal Academy of Engineering (2004) estimates current investment cost of marine and 
wave technologies at 2059 €/kW and future costs at 1750 €/kW. Annual operation and 
maintenance cost are given at 82 €/kW.  

�

Table 23 gives investments cost indications for several tidal power stations. To arrive at 
these numbers, Davidson (2007) used data from equipment developers and compared 
these with feasibility studies of the Electric Power Research Institute (EPRI). The esti-
mates include the costs of the turbine, support structure and installation (Davidson, 2007).   

�
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Company or site Size Equipment Installation Total € /kW 

EPRI Knik Arm 760 kW 1,299,250 1,088,831 2,388,080 3142 

EPRI Minas Passage 1.1 MW 1,644,572 1,088,831 2,733,403 2460 

Company A 1 MW 2,818,727 649,372 3,468,099 3468 

Company B         2265 

Company C 500 kW 1,075,994 1,087,320 2,163,315 4327 
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Its implementation potential was calculated from the following information: 
�  We used data on tidal energy potentials per country as available from Green-X (2004) 

and  included new country specific data for the UK (WEC, 2007) and Ireland (KMM, 
2004). The overall technical potential for the EU27 is estimated at 82 TWh. 

�  We assume that implementation reaches around 10% in 2030, except France which 
starts at a current 8% implementation of its potential which grows to 30% in 2030. 
The total deployment potential in 2030 is 9.6 TWh. Largest contributions to this de-
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velopment will come from the United Kingdom (5.5 TWh), France (2.1 TWh) and 
Ireland (1 TWh). Table 24 gives the summary data for tidal energy. 
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  2005 2020 2030 

Deployment potential  TWhe 0.60 2.48 9.57 

Investment cost (progress ratio 15%) €/kWe 3,000 1,368 811 

O&M cost €/kWe/year 120 55 32 

Average lifetime year 15 20 20 

Load hours  hours 3,500 3,500 3,500 

Electricity production costs €/MWhe 127 50.7 30 
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Geothermal energy is the heat of the earth that can be used for heating and electricity pur-
poses. Most EU countries have some accessible low-enthalpy geothermal resources, but 
only a few countries have high-enthalpy sources suitable for electricity production. In 
2005, the worldwide annual geothermal power production was 57 TWh spread over 24 
countries, while EU-25 production was 5.2 TWh (Bertani, 2005 and Eur’Observer, 2006). 
The 5.2 TWh electricity from high temperature geothermal sources is produced in five 
countries: Italy (5.0 TWh), France (0.1 TWh), Portugal (0.1 TWh), Austria (2 GWh) and 
Germany (0.2 GWh). Direct fluid use from low and intermediate temperature sources was 
2109 MWth in 2005. Small-scale generation of heat by means of geothermal heat pumps 
is promoted by the European Union. Heat pumps are used to heat water as well as to 
warm and cool residential and commercial buildings. The installed capacity in 2005 was 
5379 MWth (EurObserver, 2006). Heat pumps mainly serve the domestic market and will 
be dealt with in the sector study covering the domestic sector.  
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The quality and type of geothermal reservoir and temperature and water conditions deter-
mine the type of energy conversion technology that is suitable. In general, low and inter-
mediate temperature geothermal energy (up to 150 °C) is used for direct use and high 
temperature geothermal energy (150 °C to >220 °C) for power generation. Table 25 gives 
reservoir temperatures and energy uses. The most common use of geothermal energy is 
direct use in the form of space heating, agriculture, balneology (i.e., hot springs and natu-
ral spas) or process heating. 
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Reservoir tempera-

ture 

Reservoir Fluid Technology Common use 

High temperature 

>220 °C 

Water or steam ·  Flash steam 

·  Combined (flash and bi-

nary) cycle 

·  Direct fluid use 

·  Heat exchangers 

·  Heat pumps 

Power generation 

 

 

Direct use 

Intermediate tem-

perature 

100 °C – 220 °C 

Water ·  Binary cycle 

·  Direct fluid use 

·  Heat exchangers 

·  Heat pumps 

Power generation 

Direct use 

Low/intermediate 

temperature  

50 °C – 150 °C 

Water ·  Direct fluid use 

·  Heat exchangers 

·  Heat pumps 

Direct use 

Low temperature 

20 °C – 50 °C 

Water ·  Heat pumps Direct use 

 
Since no two geothermal sites have exactly the same characteristics, energy conversion 
systems must be chosen and adapted to suit the specific site. For power generation two 
types of energy conversion technologies are distinguished: conventional steam turbine and 
binary cycle plant. Each of technology accounts for 50% of the geothermal electricity pro-
duction in the EU.  
Steam turbines are driven by steam or hot water and need temperatures of at least 160 °C 
while binary cycles use working fluids with a lower boiling point than water and need 
temperatures of 85 °C. The unit size of conventional steam cycles ranges from 5 MWe to 
120 MWe, with an average power rating of 30-40 MWe. Binary cycle units operate in the 
lower capacity range of 1 to 10 MWe, but a binary cycle plant can consist of many units 
allowing the installed capacity of the total plant increase to 30 to 200 MWe (EUSUSTEL, 
2007).  
 
Among the future technologies to transform heat energy into electricity are Hot Dry Rock 
(HDR), magma and geopressured systems. With HDR technology the use of geothermal 
heat becomes location independent, because aquifers in deep formations, i.e. layers filled 
with water, are not necessary. Hot Dry Rock resources are currently unexploited, but offer 
large future potential. It is believed that HDR potentials are much higher and more wide-
spread than hydrothermal resources. The commercially proven binary cycle technology 
can be applied to HDR. Reservoir creation of HDR has been successfully demonstrated, 
but operational experience with HDR reservoirs is insufficient. Technological develop-
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ment is needed to bring down the current high cost of delivering hot water to the power 
plant. 
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The economics of geothermal energy plants are characterised by high initial investments 
costs and relatively low operating costs. A significant part, up to 50%, of the cost of a 
geothermal power station relates to the identification and characterization of the reservoirs 
and to the drilling and production and reinjection wells (EUSUSTEL, 2007). The invest-
ment cost of geothermal power plants are very site and size specific and range from 640 to 
2400 Euro/MW. The influence of size on the investment cost is illustrated by the Interna-
tional Geothermal Association that quotes a cost of 1400 Euro/kW for a 55 MW power 
station and 2400 Euro/kW for a 15 MW power station (EUSUSTEL, 2007). We estimated 
the  investment costs of a 50MW power plant at 2400 €/kWel in 2005, based on the inven-
tory of investment costs from different literature sources as presented in Pöyry (2007). 
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Two measures have been defined for electricity production from geothermal resources, 
one for conventional electricity production and one for the production of electricity by 
means of the innovative HDR technology.  
�  Conventional geothermal resources: estimates of the potential for Eastern Europe and 

the Mediterranean countries were taken from GEA (1999). When more recent country 
updates were available these were applied (e.g. for Germany). The overall technical 
potential for conventional geothermal resources is 336 TWh; we assumed that some 
6% of this potential can be deployed in 2030 (21 TWh)  

�  Geothermal power from HDR: estimates of technical potentials were taken from the 
TRANS-MED study (DLR, 2005). This study defines the economic potential for 
HDR as the electricity that can be generated from the available heat with temperatures 
higher than 180 ºC at 5000 m depth. It was assumed that a layer with 1 km thickness 
in 5000 m depth was used as heat reservoir. DLR (2005) identifies a potential of 66 
TWh in 2030; we assumed that 20% of this (13 TWh) can be deployed in 2030.  

�
Summary data are given in Table 26.  
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Conventional geothermal  2005 2020 2030 

Deployment potential  TWhe 5.5 8.3 18.9 

Investment cost (5% progress ratio) €/kWe 2,400 2,273 2,192 

O&M cost €/kWe/year 54 54 54 

Average lifetime Year 30 30 30 

Load hours  Hours 7,000 7,000 7,000 

Electricity production costs €/MWhe 27.5 26.5 25.8 

HDR     

Deployment potential  TWhe - 0.19 7.7 

Investment cost (15% progress ratio) €/kWe 5,000 4,460 3,977 

O&M cost €/kWe/year 54 54 54 

Average lifetime year 30 30 30 

Load hours  hours 7,000 7,000 7,000 

Electricity production costs €/MWhe - 44.7 40.6 
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There are three markets for the use of energy from biomass: electricity, heat and transport 
fuels (see Figure 10 below).  
 
Biomass feedstock includes a wide range of products and by-products from forestry, agri-
culture as well as municipal and industrial waste streams. In this study we classify bio-
mass types according to the method of EEA (2006). The main biomass categories in this 
method are: agriculture biomass, forestry biomass, waste and biogas. Municipal solid 
waste is not included here, as it is covered in the SERPEC study on the waste sector.   
 
In general, there are four main routes converting solid biomass to electricity and / or heat: 
(1) direct biomass combustion, (2) co-firing of biomass with fossil fuel, (3) gasification 
and (4) anaerobic digestion of biomass (Figure 10). 
 

Co-firing

Gasification

Anaerobic digestion

Direct combustion

Electricity

Biomass feedstock Conversion Output

Heat

Agriculture biomass
- dedicated bioenergy crops
- cuttings from grassland

and / or

Forestry biomass
- forest residues (residues from harvest operations)
- complementary fellings
- complementary residues
- competitive use of wood

Waste
- Solid agricultural residues
- Wood processing residues
- Demolition wood
- Packaging waste wood
- Black Liquor (always available)
- Black Liquor (not available at high wood chip price)
- Other agricultural residues

Biogas
- wet manures 
- dry manures
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Current use of solid biomass 
The type of solid biomass that is currently most used in the European Union is forestry 
biomass. The use of wood pellets produced from forestry residues is currently in full ex-
pansion. The use of dedicated energy crops for electricity and heat production has been 
negligible to date in Europe, but is expected to become the largest contributor to bio-
energy production in the future (Van Dam et al., 2006). 
 
EurObserv’ER reports a total solid biomass use of 2 785 PJ (66.3 Mtoe) in 2007 (exclud-
ing solid urban waste). The countries that are among the principal producers of biomass 
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are France (388 PJ), Germany (382 PJ), Sweden (355 PJ) and Finland (300 PJ) (EurOb-
serv’ER, 2008).    
 
Competition and sustainability 
Until at least 2010, the European Commission does not expect major competition for raw 
material, because biofuels rely mainly on agricultural crops and electricity and heating on 
wood and wastes (EC, 2005).  At the same time the pulp and paper industry expresses 
their worries about the potential shortage of raw materials, when the electricity and heat 
generation from biomass get financial support (CEPI, 2005).  
 
The sustainability of large-scale biofuel production has been the focus of much discussion 
recently. To tackle the sustainability concerns of biofuels, the RES Directive (EC, 2009) 
includes a sustainability scheme for biofuels and that the Commission shall report on re-
quirements for a sustainability scheme for energy uses of biomass, other than biofuels and 
bioliquids, by 31 December 2009 at the latest. The report shall be accompanied, where 
appropriate, by proposals for a sustainability scheme for other energy uses of biomass, to 
the European Parliament and the Council.  
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A wide range of different biomass resources and conversion technologies exist to produce 
electricity and/or heat from biomass. The main routes to convert solid biomass into elec-
tricity and / or heat that are considered in this sector study are: 
�  Co-firing with fossil fuel 

�  Direct biomass combustion  

�  Gasification and  

�  Anaerobic digestion of manure biomass.  

These technologies are briefly discussed hereafter. 
 
Co-firing 
 
Co-firing of biomass in modern coal plants is currently the most cost-effective biomass 
use for power production. In comparison with dedicated biomass power plants of the same 
effective capacity, the conversion efficiency of co-firing is very high, particularly with 
state-of-the-art energy technologies. Electrical efficiencies of 38% to 40% can be 
achieved. When biomass is co-combusted in a boiler, up to 20% of the fossil fuel can sub-
stituted. More than 20% of biomass can be co-combusted by indirect co-combustion via 
gasification, pyrolysis or torrefaction of biomass.  
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Direct combustion 
 
Direct combustion is a commercialised and well established technology. The most com-
mon plant configuration of direct combustion plants is combined heat and power (CHP) 
producing both power and heat. In 2005, CHP plants produced some 70% of the total 
gross electricity production from solid biomass (42 TWh) (Eurobserver, 2007). The typi-
cal minimum scale of wood combustion CHP is 1 MW. Direct combustion plants exist in 
a wide range of capacities. In general, capacities of biomass plants are restricted to 1 - 50 
MWe due to the limited availability of biomass resources. The largest biomass fuelled 
CHP plant is located in Finland and has a capacity of 240 MWe. The state-of-the-art com-
bustion technology for combustion plants with capacities above 2 MWe is steam turbine 
cycle technology. Biomass fuelled steam cycle plants are often installed at industries that 
provide their own fuels and have a market for the co-produced heat (BTG, 2004). The 
type of wood fuel preferred for direct combustion is forestry biomass or wastes such as 
wood processing residues. 
 
Gasification 
 
In gasification processes the solid biomass is first converted into gaseous fuel (the pro-
ducer gas) which is input for the generation of electric power in an internal combustion 
engine (e.g. gas turbine). Among the gasification technologies are the biomass integrated 
gasifier/gas turbine (BIG/GT) and the Biomass Integrated Gasification/Combined Cycle 
technology (BIG-CC). A general description of combined cycle technology can be found 
in the sector study on fossil fuel based electricity generation.  Currently, gasification tech-
nology is not available on a commercial scale, but it is expected that gasification technol-
ogy will be available in 2030. At the moment, the major bottleneck for BIG-CC is the 
product gas cleaning. Over the longer term BIG-CC is expected to be the most efficient 
way to produce electricity. In the future, combinations of BIG-CC technology with fuel 
cells and carbon capture and storage might be possible.  
 
Anaerobic digestion 
 
Anaerobic digestion of biomass is a commercial and mature technology. Wet types of 
biomass, such as manure, are converted to biogas by micro-organisms. In a next step, the 
biogas is converted into heat and power in a CHP unit. The best available technology in 
2005 is a digester combined with a gas engine. Current installed digesters have typical 
sizes of 150 to 1000 kWe (5000 to 36000 tonnes of manure). A disadvantage of digestion 
is that larger scale digestion units also require larger quantities of biomass, which are 
sometimes not available in the direct surroundings of the plant. The current trend is the 
expansion of anaerobic digestion in small, off-grid applications (OECD/IEA, 2007).  
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Technology costs 
 
Cost numbers for the biomass conversion technology are summarised below (Table 27):  
�  Direct combustion: Investment cost for a medium scale biomass plant of 10-50 MWe 

are currently about 4000 €/kWe and expected to decrease to 3500 €/kWe in 2030 as a 
result of upscaling. Direct combustion is a mature and commercial technology. 

�  Co-firing: The additional investment costs of co-firing are about 100-1000 €/kW (IEA 
Bioenergy, 2007). The large range in costs is primarily caused by differences in bio-
mass handling and processing required. The technology is considered mature with few 
technological improvements anticipated up to 2030. We estimate that the investment 
cost for co-firing is 1000 €/kW and reduces to 700 €/kW by 2030. 

�  Gasification: Although the investment costs for new plants are still uncertain, the 
technology gives prospects of lower investment cost compared to direct combustion 
on the long term. Current investment cost for gasification technology are estimated at 
1,800 to 2,800 €/kWe (50 to 200 MWe) and future investment cost at 1100 to 1800 
€/kWe (Ecofys, 2008). Currently, gasification technology is not commercially avail-
able, but its commercial breakthrough is expected in the nearby future.  

�  Digestion: The specific investment cost range from 2000 to 4000 €/kWe (Ecofys, 
2008). In this study we use investment cost of 3000 €/kW in 2005. In the years after 
significant cost reductions in digestion technology give investment cost of 1000 €/kW 
in 2030. 
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Co-firing   2005 2020 2030 

Investment cost (3% progress ratio) €/kWe 1000 820 710 

O&M costs €/kWe/year 80 80 80 

Average lifetime Year 15 15 15 

Load hours* Hours 1450 1450 1450 

Electricity production costs  €/MWhe 122 113 107 

Combustion   2005 2020 2030 

Investment cost (5% progress ratio) €/kWe 4000 3670 3520 

O&M costs €/kWe/year 320 260 210 

Average lifetime Year 20 25 25 

Load hours Hours 7500 7500 7500 

Electricity production costs  €/MWhe 86 72 65 
Gasification   2005 2020 2030 

Investment cost (15% progress ratio) €/kWe - 2500 1550 

O&M costs €/kWe/year - 175 93 

Average lifetime Year  25 25 

Load hours Hours 8000 8000 8000 

Electricity production costs  €/MWhe - 46. 29 

Digestion   2005 2020 2030 

Investment cost (15% progress ratio) €/kWe 3000 1330 1020 

O&M costs €/kWe/year 150 67 51 

Average lifetime Year 15 15 15 

Load hours Hours 8000 8000 8000 

Electricity production costs  €/MWhe 57 30 25 

* effective load hours at 20% replacement of coal by biomass.  

 
Biomass fuel costs 
 
The cost of biomass based electricity generation depends heavily on the price of biomass 
fuels. The EUBIONET II project (200715) showed that prices vary significantly between 
end-users (retail, industry and municipalities), countries and type of biomass fuel. To give 
an example, the average retail price without VAT for refined wood fuels (pellets) is 10.01 
€/GJ, the average price at municipal plants is 5.4 €/GJ and at industrial plants it is 5.9 
€/GJ (all June 2005 data) (VTT, 2007). For our calculations we assumed a generic bio-
mass price in 2005 of 6 (5-7) €/GJ. This price increases to 10.4 €/GJ by 2030. This limited 
price rise may reflect two opposing factors; a growing demand for a scarce resource will 
raise prices, on the other hand, greater volumes of biomass production could give econo-
mies of scale and push prices down (DTI, 2007).  
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Potential supply of biomass 
 
The estimation of the deployment potential of biomass to energy requires first of all an es-
timate of the biomass resource potential. In this study, we assumed that biomass energy 
will be supplied only by EU-internal sources.  EU domestic biomass potentials up to 2030 
were derived from (EEA, 2006). This study categorises biomass in forestry biomass, agri-
culture biomass, waste and biogas:  

�  Forestry biomass comprises residues from harvest operations that are normally 
left in the forest after stem wood removal, such as stem top and stump, branches, 
foliage and roots.  

�  Agricultural biomass comprises dedicated bioenergy crops. These can be ‘con-
ventional’ bioenergy crops such as cereals or sugar beets or rapeseed and sun-
flower as well as perennial grasses or short rotation forests on agricultural land.  

�  The EEA category ‘waste’ was filtered, to include only solid agricultural residues, 
wood processing residues, demolition wood, packaging waste wood, black liquor 
and other agricultural residues (excluding e.g.  MSW that is cover in our ‘waste’ 
sector study).  

�  The biogas category includes dry and wet manures. In the SERPEC agriculture 
study, it was concluded that around 20% of this overall manure production in the 
EU could become available for biogas production.   

 

Results are shown in Table 28. The sum of the potentials, 10.8 EJ, was considered as bio-
mass resource potential for heat, electricity and transport fuels production in the EU-27.  
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PJ/year Agriculture Forest Waste Biogas from manure * 

Austria 88 147 105 1 

Belgium 4 8 33 12 

Germany 980 201 375 19 

Denmark 4 8 46 12 

Spain 670 63 183 11 

Finland 54 75 239 1 

France 712 595 459 10 

United Kingdom 615 46 164 20 

Greece 92 0 20 0 

Ireland 4 4 15 27 

Italy 636 126 148 10 

Luxembourg 0 0 0 0 

Netherlands 29 8 29 38 

Portugal 33 8 94 1 

Sweden 59 100 379 0 

Cyprus 0 0 1 0 

Czech Republic 67 38 56 3 

Estonia 54 8 0 0 

Hungary 130 17 52 2 

Lithuania 331 17 52 1 

Latvia 63 25 6 0 

Malta 0 0 0 0 

Poland 1,273 50 199 11 

Slovakia 50 38 28 1 

Slovenia 8 42 10 0 

Bulgaria 48 44 4 1 

Romania 201 49 20 4 

Total EU27 6,207 1,718 2,718 186 
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Scenario for the demand for biomass 
 
The following cross-sector scenario approach was applied to estimate the actual use of the 
identified biomass potential for electricity production:  
1. Digestion of manure: In the SERPEC agriculture report we estimated the potential of 

manure for digestion at a detailed Member State level. Overall, around 20% of ma-
nure can potentially be used for digestion (in 2030).  

 
For all other biomass technology options we allowed EU-internal trade and defined de-
ployment rates at the EU level as follows: 
2. Transport: We calculated the energy (in PJ) of liquid biofuel associated with 10% 

(2020) and 14% (2030) of biofuels in the transport sector (see SERPEC transport re-
port). We assumed a 50% conversion efficiency (Ros and Montfoort, 2006), to calcu-
late that transport consumes 1750PJ (2020) and 2630 PJ (2030) of agricultural bio-
mass in primary energy. 

3. Built environment (heating): In the SERPEC built environment report we estimated a 
demand for  wood-pellets for advanced heating systems of 610 PJ in 2020 and 900 PJ 
in 2030 of primary energy.  

4. Co-firing: We used a scenario in which the power production of coal drops from 890 
TWh in 2005 to 300 TWh in 2020 and 142 TWh in 2030 (see Chapter 3). From 2015 
on, 20% of the coal input can be replaced by biomass. In 2020 and 2030 this con-
sumes 580 PJ and 270 PJ of (forest) biomass, respectively. 

5. Remaining solid biomass for electricity production by combustion or gasification: 
Biomass use from steps 2. – 4. above was added, and 50% of the remaining biomass 
was attributed to combustion and gasification. Thus, the supply of biomass was as-
sumed to limit the growth of these technologies. Still, their growth rates are substan-
tial, on the order of 9% per year over the entire period. Note, that combustion and 
gasification compete for the same biomass. We assumed that by 2030 gasification 
would consume 40% of this biomass. 

Overall in our scenario, 50% of the biomass potential is used in 2020 and 65% in 2030.  
Key-data for the biomass options are given in Table 29.  
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Sector  2020 2030 

Transport: liquid biofuels 1750 2630 

Power supply: cofiring coal 580 270 

Built environment: heating 610 900 

Power supply: combustion/gasification  1380 3280 

Total allocated  4300 7070  

Total potential supply  8660 10640 
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Fossil fuels play currently an important part in power generation in the EU. In 2005, 55% 
of total power generation is generated by fossil fuels. Fossils fuels are expected to remain 
and important source for power generation in the future. This is also visible in plans for 
new power plants in the EU, of which many are based on coal or gas. 
The use of low carbon fossil power generation is an important option for reducing green-
house gas emissions in power generation. Low carbon fossil power generation means that 
the specific greenhouse gas emissions (g CO2eq/kWh) are relatively low, due to: 
·  a high electrical efficiency 

·  the use of the plant’s residual heat (also referred to as CHP16) 

·  the application of carbon capture and storage (CCS) 

 
A selection has been made of the most promising fossil-fired power generation and CCS 
technologies, based on literature sources. For these measures an overview is made of spe-
cific costs and specific greenhouse gas emissions. The ‘Reference document on best 
available techniques for large combustion plants (BREF)’ has been used as a primary 
source to assess which technologies are suited for application in the near future.  
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A basic method for generating electricity is the use of a steam-cycle. The underlying prin-
ciple of a steam turbine is quite simple. “Superheated steam is generated in a boiler, which 
is fed through a turbine which is connected to a generator” (Blok, 2007, p.78). In more 
complex steam cycles, recycle loops are implemented in which the steam is reheated 
again to its maximum temperature which can then be used once more for the generation of 
electricity.  
 
Figure 11 provides a schematic overview of a simplified (single) steam cycle (EC, 2007, 
p.37)  
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Ultra-supercritical pulverised coal 
 
Ultra-supercritical coal is a based upon the principle of the traditional pulverised coal 
(PC) plants, except the ultra-supercritical coal technology operates “at temperatures and 
pressures above the critical point. The critical point describes the temperature and pres-
sure above which the working fluid – in this case water – no longer turns into steam but 
instead decreases in density when it is heated above 'boiling point'. By eliminating this 
transition into steam (phase change) the efficiency of the process can be improved”17. The 
steam which is produced with the generated heat is run through a steam turbine which is 
connected to an electric generator.   
The condenser condenses the steam that has run through the turbine, to function once 
more as the carrier of the heat produced by the boiler. 
 
Table 30 gives an overview of the differences between the existing pulverised coal tech-
nologies.  
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Type of coal plant Temperature (°C) Pressure (Bar) 
Sub-critical 538 167 
Supercritical  540 – 566 250 
Ultra-supercritical 580 – 620 270 - 285 
 
Ultra-supercritical pulverised coal with oxyfuel combustion  
 
Ultra-supercritical coal with oxyfuel combustion is based upon the same principle as the 
ultra-supercritical coal technology except for the fact that the combustion of pulverised 
coal occurs with almost pure oxygen instead of air as the combustion reactant. Oxyfuel 
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requires a pre-combustion air separation unit (ASU) to separate the nitrogen (N2) from air 
to produce an almost pure (approximately 95%) stream of oxygen (O2). This technology is 
less efficient per unit of energy produced than a conventional plant without carbon se-
questration. On the other hand for carbon capture and storage, significant energy is re-
quired to scrub a dilute gas stream prior to compression and storage. This is avoided with 
oxyfuel combustion, so this technology becomes more competitive if CCS is required. 
Therefore ultra-supercritical coal with oxyfuel combustion will mainly be considered 
combined with carbon capture and storage (CCS). Another advantage of oxyfuel combus-
tion over combustion with air is that no thermal NOx-formations occur from combustion.  
 
Biomass Steam Turbine – Biomass Fueled (single) Steam Cycle and biomass co-
firing with predominant coal combustion 
 
Biomass steam turbine technology is based upon the combustion of biomass with a subse-
quent (single) steam cycle. Since biomass fuels can differ significantly in moist content 
and structure, a single biomass combustion process needs to be able to handle different 
types of biomass feedstock. Fluidized bed combustion (FBC) technology is most suitable 
for burning a range of biomass feedstock; circulating fluidized bed combustion (CFBC) is 
the most appropriate FBC for power generation (Powerclean, 2004, p.32), and also allows 
for large amounts of coal to be fired as well which makes it very suitable for biomass co-
firing (EC, 2007, p.289).“Fluidized beds suspend solid fuels on upward-blowing jets of air 
during the combustion process, which provides more effective chemical reactions and 
heat transfer”18. The heat generated as a result of the (solid) biomass combustion in a con-
ventional boiler is converted into superheated steam, which is passed through a steam-
turbine connected to an electric generator. The expanded steam is subsequently condensed 
back to water by surface water or cooling towers.  
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NGCC – natural gas combined cycle 
 
Natural Gas Combined Cycle NGCC (also known as a (natural gas) combined cycle gas 
turbine, or CCGT) is a power-generating technology based on the combustion of natural 
gas. As the name suggests, combined cycle technology combines two cycles: a gas turbine 
cycle and a steam cycle (Blok, 2007). Figure 12 provides an overview of a simplified 
combined cycle power plant configuration (EC, 2007, p.418). 
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Coal or biomass IGCC – integrated gasification combined cycle 
 
IGCC stands for integrated gasification combined cycle, which is a power-generating 
technology based upon the gasification of coal or biomass under partial oxidation. The 
coal or biomass is partially oxidised with oxygen or air in a gasification based system. 
The resulting syngas mainly consists of carbon monoxide (CO) and hydrogen (H2). After 
cleaning the syngas of (predominantly sulphur) impurities it is burned as fuel in a gas tur-
bine cycle.19.  
 
This technology is more efficient than conventional use of solid fuels, as the efficiency 
losses occurring when gasifying the coal or biomass are outweighed by the efficiency of 
the use of the combined gas- and steam-turbine cycle. Also, when carbon capture and 
storage is applied to IGCC, there will be more efficiency gains to the gasification of coal 
since the CO2 does not need to be removed from the diluted exhaust gas but can relatively 
easily separated after a water shift reaction in which the CO and H2O are converted in 
CO2 and H2.  
 

� � � & � �  ( � � � � � � � � � � � � � 	 
 � 
 � 
 � � 
 � � � 	 � � � 
 	 � �

 
Solid oxide fuel cells (SOFC) can be integrated with combined cycle technologies 
(NGCC, IGCC). The benefits of the SOFC include: high operating temperatures (resulting 
in high efficiencies) and a solid state design. The SOFC is supplied with a gaseous fuel 
and immediately converts it into electricity and heat.  
 
NGCC SOFC – Natural Gas Combined Cycle + Solid Oxide Fuel Cell 
 

                                                      
�7 �N���O�+�/�����"$.$�>��
����������!����'��%
���
���� ������� � �����F�5��/������#$�
 ���6))���$�����%$�����'$��5)�����
��)������'�����) �
�����
����) ���
�����
�������<�$ ��% �



�

33�

 

A solid oxide fuel cell (SOFC) can be added to a natural gas combined cycle (NGCC) by 
connecting the SOFC to the gas turbine. By burning the natural gas, electricity is immedi-
ately produced together with heat rejection. This rejected heat is converted into electricity 
by the gas turbine. The waste heat of the gas turbine is utilised to produce steam which is 
injected into a steam turbine, producing additional electricity (Hendriks et al, 2004).  
 
Coal or biomass IGCC SOFC – Integrated Gasification Combined Cycle + Solid Ox-
ide Fuel Cell 
 
A solid oxide fuel cell can be added to the gasification system of an integrated gasification 
combined cycle (IGCC). Gasified coal or biomass is fed to the SOFC anode, and oxygen 
to the SOFC cathode. Electricity is produced together with syngas. Syngas generated at 
the SOFC anode is fed to the feed side of a membrane reactor. There the syngas is con-
verted into hydrogen (H2) and carbon dioxide (CO2) by a water-shift gas reaction. The hy-
drogen is then burned in a gas turbine. The waste heat of the gas turbine is used to gener-
ate steam which is subsequently used to generate electricity in a steam turbine (Hendriks 
et al, 2004).  
 
Figure 13 provides a schematic representation of a combined cycle/SOFC power plant 
configuration (Hendriks et al., 2004, p.26) 
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Carbon capture and storage (CCS) is a method with which the level of CO2-emissions into 
the atmosphere resulting from power generation can greatly be reduced.  A disadvantage 
of applying CCS is that the different steps necessary to store the emitted CO2 safely un-
derground, require energy as well and thus negatively effect the overall efficiency of the 
power plant to which it is connected. Carbon capture involves the underground storage of 
carbon dioxide (CO2) produced as a result of the combustion of carbon containing fuels 
which would normally be emitted into the atmosphere. 
 
Carbon capture and storage technology consists of 3 subsequent steps (IPCC, 2005):  

�  Capture and compression 
�  Transportation 
�  Underground Storage  

 
Large point-sources of CO2 (particularly carbon based centralised power generation 
plants) are most suitable for the application of CO2-capture and storage. The most promis-
ing technical storage locations are “geological storage (in geological formations, such as 
oil and gas fields, unrecoverable coal beds and deep saline formations) and (off-shore) 
ocean storage (direct release into the ocean water column or onto the deep seafloor)” 
(IPCC, 2005, p.3). Figure 14 (IPCC, 2005, p.20) gives a schematic overview of the differ-
ent potential CO2 underground storage facilities.  
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There are numerous technologies to capture carbon dioxide from energy conversion proc-
esses, which can be categorised in three capture methods (IPCC, 2005, p.5): pre-
combustion, post-combustion and oxyfuel.  
 
Figure 15 (IPCC, 2005, p.26) gives a schematic overview of the different CO2-capture 
methods, of which the first three are energy-production related and thus of interest for this 
study.  
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Capturing CO2 has not (yet) reached a commercial level of application, but several dem-
onstration projects are active such as CASTOR20 pilot project; estimations suggest that 
commercial application is possible around 2020. Theoretically, three methods of fitting 
fossil power plants with CCS can be distinguished (Ecofys, 2007, p.20):     
 

1. Retrofitting existing plants for CCS 
2. Constructing new plants ’capture-ready’ which would make it easier and cheaper 

to retrofit them later on if required 
3. Constructing new plants with a complete functioning CCS operation unit 

 
Capture ready plants (even though the definition of capture ready is still somewhat impre-
cise) constructed around 2015 and actual CCS plants constructed in 2020 are considered 
economically viable options for the application of CCS. Retrofitting existing plants is the 
least economically viable option, being a factor 1.23 more expensive than capture ready 
plants considering IGCC, and a factor 1.27 more expensive than the capture ready plants 
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(2015) and the actual CCS plants (2020) when considering pulverised coal technologies 
(Ecofys, 2007, p.21).  
 
Underground storage potential for CCS in Europe 
 
The potential for the underground storage for CCS is, at least for the foreseeable future, 
much larger than the amount of CO2 which is emitted into the atmosphere by the power 
generating sector. According to Hendriks, (2007), the storage potential for CO2 in Europe 
(Western- and Eastern Europe’s storage potential combined) is 163 Gt CO2, whilst the to-
tal emissions anno 2004 from energy generation within the European Union are ‘only’ 3.8 
Gt CO2 in 2004 (IEA, 2006, p.507); this means that the storage potential is 42 times larger 
than the total amount of CO2-emissions which would need to be stored. 
 
Costs of Transport and Underground Storage 
 
The costs of transport and actual underground storage depend on a variety of factors. 
Transport is dependent on the distance over which the carbon dioxide needs to trans-
ported, and storage costs depend on the depth and the physical characteristics of the stor-
age. For storage purposes, the intensity of monitoring once the CO2 is injected under-
ground is a determining cost-factor. For the purposes of this study an average cost is cal-
culated, which results in €8/tonne CO2 (€3.5/tonne CO2 for transport and €4.5/tonne CO2 
for underground storage). This is based on a typical transport distance of 100 km and a 
storage depth of 2000 meters (Hendriks et al., 2004). 
 
Power-only activities combined with CCS 
 
Since all power-only generating technologies have been described in the chapter ’Electric-
ity Generation’ and this chapter has discussed all types of CCS-alternatives to be consid-
ered, only a concise overview of these ’power-only plus CCS technologies’ will be given 
below.  
 

�
 NGCC post-combustion with CCS - CO2 capture by scrubbing CO2 from post-

combustion flue-gases 

�
 Coal IGCC pre-combustion with CCS - CO2 capture prior to combustion resulting 

from the gasification of coal which results in a relatively pure stream of CO2 

�
 Ultra-supercritical coal post-combustion with CCS - CO2 capture by scrubbing 

CO2 from air-based post-combustion flue-gases 

�
 Ultra-supercritical coal oxyfuel with CCS – CO2 capture of relatively pure CO2  

resulting from the combustion of fuel with oxygen in stead of air 

�
 BGCC pre-combustion with CCS - CO2 capture prior to combustion resulting 

from the gasification of biomass which results in a relatively pure stream of CO2 

�
 Biomass steam turbine post-combustion with CCS - CO2 capture by scrubbing 

CO2 from post-combustion flue-gases 
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�
 NGCC/SOFC with oxyfuel CCS - CO2 capture of relatively pure CO2 resulting 

from the SOFC off-gas 

�
 Coal IGCC/SOFC with oxyfuel CCS - CO2 capture of relatively pure CO2 result-

ing from SOFC off-gas 

�
 BGCC/SOFC with oxyfuel CCS - CO2 capture of relatively pure CO2 resulting 

from SOFC off-gas 
 

Combining CCS with CHP technologies 
 
Finally, a combination of carbon capture and storage (CCS) with CHP is also possible. As 
described earlier, energy is required for CCS, either as heat in the case of post-combustion 
or electricity for the air separation unit. The sizing of the CHP plant to meet a given heat 
load will therefore need to take this into account. 
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To determine key characteristics of the technologies considered in this study, a number of 
recent literature sources have been consulted. These are: European Commission (2006), 
Eurelectric (2007), Hendriks et al. (2004), Hendriks and Graus (2004), Powerclean 
(2004), ECN (2007), RAofE (2004), Graus and Hendriks (2006). 
Of these sources, the following three sources have been used most frequently:  

�  European Commission (EC), 2006. Reference document on best available tech-
niques for large combustion plants. Brussels, Belgium. pp.1-580.  

�  Hendriks, C., Harmelink, M., Burges, K., Ramsel, K. 2004. Power and heat pro-
duction: plant developments and grid losses. Ecofys, Utrecht, Netherlands, pp.1-
66.  

�  Eurelectric, 2007. The Role of Electricity A New Path to Secure, Competitive En-
ergy in a Carbon-Constrained World, Brussels, Belgium, pp.1-218. 

 
Since power plant characteristics change over time (e.g. power plants become more effi-
cient due to technological development), we define two time periods. We use different 
data sets for plants that will be commissioned in the period up to 2020 and plants commis-
sioned after 2020. For plants commissioned in the period up to 2020 we use the character-
istics for power plants in literature sources for the year 2005. 
The table below gives an overview of the assumed costs and efficiencies for the technolo-
gies used. This table is based on the literature sources mentioned above. Typical values 
have been determined by comparing information for different years in the documents and 
taking average values. In some cases data have been interpolated e.g. where information 
was available for 2005 and 2030, we back calculated values for 2020, assuming a linear 
development. 
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 Energy-

efficiency 

Investment 

costs  

Operation 

and mainte-

nance costs  

CO2 emis sions   

 

 % (€/kW)* (€/kW/year)  (g CO2/kWh) 

 2005 2020 2005 2020 2005 2020 2005 2020 

Natural gas combined-cycle 

(NGCC) 

57% 59% 500 506 29 24 357 342 

Coal gasification combined-

cycle (coal IGCC) 

46% 52% 1,387 1,300 67 58 741 659 

Biomass gasification com-

bined-cycle (biomass IGCC) 

44% 48% 3,332 1,300 78 63 0 0 

Coal ultra supercritical 

steam cycle (USC) 

46% 50% 1,163 1,143 51 47 741 597 

Biomass steam turbine 36% 44% 1,793 1,765 54 49 0 0 

NGCC with fuel cell (SOFC) N/A 71% N/A 950 N/A 43 N/A 480 

IGCC with fuel cell (SOFC) N/A 65% N/A 1,989 N/A 61 N/A 524 

BGCC with fuel cell (SOFC) N/A 62% N/A 2,040 N/A 63 N/A 0 

NGCC with CCS post-

combustion 

50% 54% 1,067 878 50 42 60 38 

IGCC with CCS pre-

combustion  

40% 43% 2,495 1,944 121 96 33 76 

BGCC with CCS pre-

combustion 

38% 43% 4,025 2,642 120 98 0 0 

USC with CCS post-

combustion 

35% 39% 2,018 1,923 143 127 144 86 

Biomass steam turbine with 

CCS post-combustion 

33% 41% 2,147 1,945 100 86 0 0 

NGCC with fuel cell (SOFC) 

and CCS pre-combustion 

N/A 68% N/A 1,174 N/A 56 N/A 0 

IGCC with fuel cell (SOFC) 

and CCS pre-combustion 

N/A 61% N/A 2,213 N/A 96 N/A 0 

BGCC with fuel cell (SOFC) 

and CCS pre-combustion 

N/A 58% N/A 2,264 N/A 98 N/A 0 

* Note these costs are without the recent price rises due largely to the price of steel.  It is uncertain 

whether these price rises will continue into the future or whether the supply and demand for steel 

will eventually balance out again.   

 
The table below gives the assumed lifetime of thermal power plants. The figures are based 
on the average operational lifetime of retired capacity and design values. 
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 Coal Natural gas Oil Biomass 

Average operation time of 

retired capacity in Europe 

(Platts, 2006) 

33 

(97 plants, 

range 10-70 

years) 

28 

(49 plants, 

range 10-40 

years 

28 

(97 plants, 

range 10-45 

years 

N/A 

Typical design values 

(RAofE, 2004) 
30-35 25-30 30 30 

Assumed life-time for new 

and existing capacity  
35 30 30 30 

 



�

� � � #��

�

� . " "  : � � � � � 
 � � � � � 
 � 1 � � � 
 � � � � � � �

 
Another option for reducing greenhouse gas emissions for power generation is the use of 
nuclear power. This section reviews Generation III nuclear fission reactor technologies 
based on the boiling water reactor (BWR) and the pressurised water reactor (PWR).  
 
A selection has been made of the most promising nuclear power generation technologies, 
based on literature sources. For these measures an overview is made of specific costs and 
specific greenhouse gas emissions. In order to determine the emissions reduction poten-
tial, these technologies are compared to the baseline specific emissions and costs for 
power generation. We assume that nuclear power plants can be implemented for new 
power generation (due to an increase of power demand) and to replace retired capacity.  
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Nuclear fission technology is the generation of power by initiating, controlling and sus-
taining nuclear chain reactions at a steady rate. The controlled fission reaction creates 
tremendous amounts of heat, which is used to convert water into steam which is subse-
quently fed through a steam turbine which is connected to a generator in order to produce 
electricity.   
 
Nuclear fission technologies that are considered for new capacity installation are Genera-
tion III nuclear plants. Generation III plants distinguish themselves from the currently 
used Generation II plants through “increased technological safety, the protection of the 
fission-cycle, increased fuel-efficiency (resulting in less radioactive waste) and increased 
economic performance (lowering of the costs and increasing the reliability of the plant 
operation)”(ECN, 2007, p.33). Generation IV plants focus even further on enhanced eco-
nomic performance, proliferation resistance, safety issues and nuclear waste related is-
sues. Generation IV plants are not taken into consideration for the purposes of this study, 
since sufficient data on these types of reactors is unavailable.  
 
Generation III technologies include:  

�  ABWR (advanced boiling water reactor) 
�  APWR (advanced pressurised water reactor) 
�  EPR (European Pressurised Reactor) 
�  Advanced CANDU (Canadian Deuterium Uranium) Reactor (heavy-water re-

actor) 
�  ESBWR (economic simplified boiling water reactor) 

 
Several examples of the most promising Generation III nuclear fission reactors are dis-
cussed below.  
 
 



�

#2�

 

ABWR – Advanced Boiling Water Reactor 
 
The advanced boiling water reactor (ABWR) is a generation III nuclear fission reactor 
based on the light-water BWR principle. The ABWR has demonstrated advancements in 
“operation and maintenance costs, proven reactor technology and performance enhance-
ments and shorter construction times” (GE, 2006, p.1).  
 
APWR –Advanced Pressurised Water Reactor  
 
The advanced pressurised water reactor (APWR) is a generation III nuclear fission reactor 
based on the light-water PWR principle. Compared to the PWR technology of its prede-
cessors, “the design of the advanced PWR substantially includes more passive (not related 
to human intervention) safety measures, such as emergency cooling water, residual heat 
transfer and the cooling of the reactor building”(ECN, 2007, p.35). 
 
EPR – European Pressurised Reactor 
 
The European pressurised reactor (EPR) is a generation III nuclear fission reactor based 
on the light-water PWR principle. Its main safety improvement is the inclusion of a core 
catcher, which will catch and cool down the reactor’s core in case of a complete core 
meltdown; as a result radioactive radiation will be contained within the nuclear facility 
(ECN, 2007). 
 
ACANDU – Advanced Canada Deuterium Uranium Reactor (Advanced Pressurised 
Heavy Water Reactor) 
 
ACANDU stands for advanced Canada Deuterium Uranium (Reactor) and is a Generation 
III advanced pressurised heavy water reactor. The advantage of heavy water reactors over 
light-water reactors is the ability to “use less expensive natural (not enriched) uranium fu-
els and can be built and operated at competitive costs”21. 
 
ESBWR – Economic Simplified Boiling Water Reactor 
 
The economic simplified boiling water reactor (ESBWR) is a generation III+ nuclear fis-
sion technology based on the light-water BWR principle. Its design includes passive 
safety measures such as “the cooling of the nuclear core through natural circulation in 
stead of pumps” (ECN, 2007, p.35). The ESBWR also includes a core catcher (ECN, 
2007). 
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To determine key characteristics of nuclear power plants, a number of recent literature 
sources have been consulted. These are: Powerclean (2004), RAofE (2004), Graus and 
Hendriks (2006), and notably Eurelectric (2007) and ECN (2007). 
 
The literature review by ECN (2007) showed that realistic investment costs range from 
1590 to 2300 €/kW, and variable costs from 11.2 to 18.5 €/MWh, added with 10 €/MWh 
for decommissioning. Notably the investment cost show a wide range. Eurelectric (2007) 
reports investment costs of 2373 €/kW for 2005 and 2474 €/kW for 2030, with variable 
costs going from 8 to 10 €/MWh. It should be noted, that due to the long construction time 
of nuclear power plants (typically up to 6 years), the construction interest is significant. If 
this extra cost is capitalised, this results in 30% to 40% higher investment cost. Construc-
tion interest also plays a role with investments in gas or coal fired power plants (typical 
construction times of 2 and 3-4 years respectively), but due to the shorter construction pe-
riods this effect is smaller. For this study we hence take the high-end assumptions on 
costs, as presented in Table 33 (but mostly based on Eurelectric (2007)). Furthermore, we 
will assume a capacity factor of 90% or 7900 full load hours. 
 
Since power plant characteristics change over time (e.g. power plants become more effi-
cient due to technological development), we define two time periods as we did for the fos-
sil fuel technologies.  
As the split between the different generation III technologies is unknown, we defined one 
representative technology with the characteristics given below.   
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Energy-

efficiency 

(steam to 

electricity) 

Investment 

costs (€/kW) 

Operation 

and mainte-

nance costs 

(€/kW/year) 

CO2 emis-

sions 

(g CO2/kWh) 

 

2005 2020 2005 2020 2005 2020 2005 2020 

Nuclear plant generation III  35% 36% 2400 2500 65 80 0 0 

 
Table 34 gives the assumed lifetime of nuclear power plants. The figures are based on the 
average operational lifetime of retired capacity and design values. 
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 Nuclear 

Average operation time of retired capacity in Europe (Platts, 2006) 

22 

(87 plants, range 10-50 years) 

Typical design values (RAofE, 2004) 40 

Assumed life-time for new and existing capacity  35 
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In this chapter, we combine the information on deployment potentials and costs of the dif-
ferent power supply technologies into two power supply scenarios for the EU.  
 
New power production technologies: deployment potential  
 
The overall deployment potential for new power producing technologies between 2005 
and 2030 is defined by:  
1. the total electricity demand development and  
2. the fraction of 2005-production capacity that retires between 2005 and 2030. 
 
This ‘new-production-wedge’ defines the deployment potential for the low-carbon supply 
technologies (see Figure 16a). 
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Deployment order 
 
The overall deployment potential for new electric power technologies between 2005 and 
2030 is defined by the total electricity demand development and the fraction of 2005-
production capacity that retires between 2005 and 2030.  
 
The large portfolio of power sup-ply options could easily ‘over-supply’ this deployment 
potential. Deploying technologies in the order of cost-efficiency  (€ / t CO2) would put 
the single technology of new most efficient fossil fueled power plants upfront, which 
could in principle supply the full deployment potential (modern gas-fired power plants). 
However, the CO2 savings from this option are lowest.  
 
We therefore defined a step-wise deployment scenario along the following principles:  

1. Implement the single outstanding, most cost-efficient option first: demand-side 
electricity savings.  

2. Achieve maximum CO2-abatement on the supply side. In practice this implies de-
ployment of renewables at their maximum rate. 

3. For the remainder of required new production capacity, deploy new, efficient fos-
sil fueled power plants, which are equipped with CCS from 2015 on.    

 
In a second scenario, we excluded the demand side (industry, built environment) electric-
ity savings, in order to focus on the electricity supply options only.  
 
In more detail, the sequence of steps used to arrive at the power production deployment 
scenario is as follows (see  Figure 16):  

1. Take the overall electricity demand projection; here we used the PRIMES FTRL-
scenario, which assumes that across the economy technologies stay at their 2005-
level efficiencies, as a result there is no autonomous or policy driven electricity 
demand savings (Figure 16a); 

2. Subtract the total potential of electricity savings that was identified in the industry 
and refineries and built environment sectors and add the electricity demand in-
crease from implementation of electric cars in the transport sector  (Figure 16b); 

3. Calculate the turnover (retirement) of the 2005 stock of non-renewable power 
generation (Platts, 2006), to project the evolution of the existing nuclear and fossil 
fuelled power production stock; coal fired power plants that remain in production 
will increase biomass use, up to 20% from 2015 on   (Figure 16a);  

4. Deploy renewables at their maximum rate  (Figure 16c);  
5. Evaluate how much new fossil fuelled capacity is still required   (Figure 16d).. 

For this new fossil fueled capacity we assume the same fuel/technology mix as in 
2005. Any new gas or coal plant is built with the latest technology. For gas this is 
the NGCC technology. For coal this is IGCC until 2015 and USC with CCS from 
2015 on.  
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The option of trade was applied to all the renewable options. Thus, a member state that 
has a low demand for deployment of new electricity generation technology (e.g. because a 
large share of the fossil fuelled power plants remains in production), will still deploy all 
its renewable power production potential, and will  produce for the EU-electricity market. 
This way, we assured the full deployment of the renewable energy options that we identi-
fied. 
 
 
Results 
 
FTRL reference scenario without electricity demand saving  
The power production scenario in which we excluded demand side electricity savings is 
shown in Figure 17. In this scenario, which takes a ‘technology frozen’ Europe as a refer-
ence, full deployment of the renewables potential can supply around 65% of the required 
new production potential in 2030. The real take-off of renewables occurs in the period af-
ter 2020. As a result, a large fraction of required new production up to 2020 is, in this sce-
nario, provided by a mix of fossil and nuclear powered production to which CCS is not 
yet applied. Though this scenario has an unrealistic FTRL context, its features actually 
mimic today’s developments in the electricity market in which new fossil fuelled power 
plants are built or planned (Ecofys, MVV consulting, 2008).   
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Principal scenario: Full implementation of demand side savings  
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In our principal scenario we included the full potential of electricity demand savings that 
was identified in the industry and built environment sector (see Figure 16b). This full im-
plementation is equivalent to an electricity demand saving of around 2% per year (1850 
TWh in 2030, compared to the frozen technology electricity of around 5200 TWh). Now, 
a much larger fraction of the overall required new electricity production can be supplied 
with electricity from renewables (see Figure 18).  
More detailed results of this scenario are shown in Table 35. 
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  Electricity production (TWh) 

Category Class 2005 2020 2030 

NonRenewable Exist. Fossil Other* 190 190 190 

NonRenewable Exist. Nuclear 944 730 140 

NonRenewable Exist. Gas 742 704 456 

NonRenewable Exist. Coal 877 240 114 

Renewable Exist. Coal-Co-firing 14 60 28 

Renewable Hydro 341 397 476 

Renewable Offshore Wind 3 128 429 

Renewable Onshore Wind 69 340 467 

Renewable Ocean_Wave 0 4 19 

Renewable Ocean_Tidal 1 2 9 

Renewable BIPV 1 56 181 

Renewable Large Scale PV 0 75 238 

Renewable CSP 0 17 98 

Renewable Geothermal 6 9 30 

Renewable Biomass Digestion 16 12 37 

Renewable Biomass Combustion 48 149 248 

Renewable Biomass Gasification 0 29 210 

NonRenewable New Nuclear 5 23 38 

NonRenewable New Gas (NGCC) 15 30 26 

NonRenewable New Coal (no CCS) 10 43 15 

NonRenewable New Coal (w/ CCS) 0 0 17 

NonRenewable New Fossil Other 2 7 5 

* coke/petroleum based electricity production:  

No information on stock turnover, therefore assumed to be continuing 
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In this SERPEC report, we have determined the potentials and costs of the deployment of 
low-carbon power supply technologies. This includes centralised large scale power supply 
facilities as well as decentralised production from PV and anaerobic digestion of biomass. 
The effects of abatement options like Combined Heat and Power production (CHP) and 
advanced heat generation technologies in the built environment and industry sectors are 
attributed to these respective sectors and discussed in separate SERPEC reports.  
 
The power sector emitted around 28% of the total of EU GHG emissions in 2005. 
(Strong) Emissions reductions in the power sector are therefore crucial for the EU to reach 
its 2020 climate and energy targets. Here, we identified a potential of 25% reduction in 
2020 and 60% in 2030, compared to 2005.   
 

NB: Copy the graph by using the button above
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The three prime factors that limit deeper reductions are:  
i) The limits to growth of renewables. We estimated average (2005 – 2030) annual mar-

ket growth rates of renewables technologies ranging between 5 % (on-shore wind),  
10 – 12 % (biomass, wave, tidal), 20% (PV, off-shore wind) to as high as 25% for 
CSP. Nonetheless, these growth rates are insufficient to supply all required new 
power production in the EU (see Figure 18). Although we did not investigate in depth 
the assumptions behind the market growth scenarios that we used, we know that these 
reflect, amongst others, limits in production rates of e.g. PV-modules and wind tur-
bines.  

ii)  Limits to the use of biomass. Here, we assumed that up to 65% of the potentially 
available biomass in the EU (see section 2.9.3) is used in the transport, built environ-
ment and power supply sectors  

iii)  Assumed limited application of CCS: CCS was only applied to new coal fired power 
plants built after 2020.   
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The overall emissions reduction potential and the specific costs of individual options are 
shown in Figure 20. Between 2020 and 2030, the specific costs of most options decrease 
strongly, a result of technology learning and economies of scale. Note that the costs are 
sensitive to input assumptions, as will be shown in section 4.2. Abatement potentials and 
specific costs of the individual options on the cost-curve are shown in  Table 36. 
 



�

42�

 

� 
 /%� � �3 � : / 
 � � � � � � � � � � � � � � 
%� � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �% ' � � � �  � �%� � � � � �

� � � � � � �$ � �

  CO2 abatement SpecificCost 

  Mt CO2 €/t-CO2 

NonRenewables Coal IGCC 4 -90 

Renewable Hydro_LargeNew 54 -81 

Renewable Hydro_SmallNew 4 -65 

Renewable Geo_Conventional 8 -62 

Renewable Wind_On_Class4 22 -59 

Renewable PV_Roof 83 -53 

Renewables Bio-electricity from Digestion 19 -50 

Renewables Bio-electricity from Gasification 105 -49 

Renewable Wind_On_Class3 47 -47 

Renewable Wind_Off_Class1 17 -46 

Renewable CSP_15hr 48 -37 

Renewable Hydro_LargeRetrofit 8 -35 

Renewable Geo_HDR 4 -33 

Renewable Wind_Off_Class2 92 -28 

Renewable Wind_On_Class2 54 -27 

Renewable Ocean_Tidal 4 -25 

Renewable Hydro_SmallRetrofit 2 -25 

NonRenewables Gas NGCC 2 -20 

Renewable Wind_Off_Class3 81 -18 

NonRenewables Coal USC_CCS 14 -2 

Renewable PV_LPV 119 -2 

Renewable Wind_Off_Class4 24 -1 

Renewable Wind_On_Class1 76 7 

Renewable PV_Facade 6 28 

Renewables Bio-electricity from Combustion 92 32 

Renewables Biomass co-firing in coal plants 19 55 

Renewable CSP_3hr 1 57 

Renewable Ocean_Wave 10 97 
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The results summarised in this chapter are sensitive to the input assumptions. This is illus-
trated in Figure 21 for the renewable power production options.  
 
The figure shows the specific costs of options in 2030 under 3 scenarios: 
1. The standard case (lower curve), in which we applied a 4 % discount rate and a refer-

ence cost22 of electricity production of 57 € / MWh (112 € / MWh for BIPV) accord-
ing to Table 1; 

2. The end-user perspective, in which the discount rate is set at 9% and a reference cost 
of electricity production of 157 € / MWh for BIPV. 

3. A third case in which the discount rate is 9% and the reference cost of electricity is 
kept low, around the 2005 level of 45 € / MWh (125 € / MWh for BIPV).  

 
In our default situation the vast majority of the renewable options are cost efficient in 
2030. When we change the discount rate from 4% to 9 over half of the options are no 
longer regarded as cost-efficient. When, in a next step, the production costs of the refer-
ence technology in 2030 are kept low, the majority of the renewables curve shifts into the 
positive cost-range.  
  
This exercise illustrates, that the social cost-calculations should be regarded as a scenario 
outcome that should not be confused with the end-users (investors) perspective. 
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(PV)   Photovoltaic  
kWhe   kilowatt hour electrical energy 
FLH   Full load hours 
LHP   large scale hydropower 
SHP   Small scale hydropower 
kW   kilowatt 
TWhe   Terawatt hour electrical energy 
GW   Gigawatt 
GWp   Gigawatt peak 
(c-Si)   silicon based crystalline wafers 
(BIPV)   Building Integrated Photovoltaic  
(BOS)   Balance of Systems 
(DC) direct current  
(AC)   Alternating Current  
(MSL-PV)  Medium- to Large-Scale PV  
(Wp)   Watt peak 
(LPV)    Large scale Photovoltaic  
(kWp)   kilo Watt peak 
(GWh)   Gigawatt Hour 
(POA)    Plane of Array 
(TWp)   Tera Watt peak 
(CSP)    Concentrating Solar Power  
(PTC)    Parabolic Trough Collector  
(CRS)    Central Receiver System  
(ISCCS)   Integrated Solar Combined Cycle System  
(GIS)   Geographical Information System  
(AWS)   Archimedes Wave Swing  
(HDR)   Hot Dry Rock  
(BIG/GT)  biomass integrated gasifier/gas turbine  
(BIG-CC)  Biomass Integrated Gasification/Combined Cycle 
(ASU)    air separation unit  
(FBC)   Fluidized bed combustion  
(CFBC)   circulating fluidized bed combustion  
(NGCC)   Natural Gas Combined Cycle  
(CO)   carbon monoxide  
(SOFC)   solid oxide fuel cell  
(IGCC)   Integrated gasification combined cycle 
(USC)   ultra supercritical steam cycle  
(BWR)   boiling water reactor  
(PWR)   pressurised water reactor  
(ABWR)   advanced boiling water reactor 
(APWR)    advanced pressurised water reactor 
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(EPR)    European Pressurised Reactor 
(CANDU)   Canadian Deuterium Uranium  
(ESBWR)   economic simplified boiling water reactor 
(RD&D)   Research, Development and Demonstration 
 


