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1  Introduct ion  

1 . 1  H i s t o r y  o f  p o w e r  g e n e r a t i o n  

The introduction of the coal steam engine in the industrial revolution, mid 18th century, led to 

a shift in the kinds of fuels and resources on which people relied for energy. Whereas 

previously renewable energy resources, such as water, wind and biomass, dominated energy 

consumption, nonrenewable energy resources began to increase in importance. Coal offered a 

cheap and plentiful fuel during the 1800s. A half-ton of coal could produce as much energy as 

two tons of wood at half the cost (Kelly, 2008). 

The industrial revolution not only led to a shift in types of energy resources used, but also to a 

shift in energy demand sectors. Whereas in 1800 most energy was consumed for domestic 

purposes, by the end of the 19th century the coal-powered steam engine had created an 

industrial energy sector whose level of production and manufacturing surpassed anything that 

had preceded it (Kelly, 2008).  

Another shift in energy use and supply was caused by the introduction of electricity, which 

had important advantages in terms of convenience and flexibility. Electricity can easily be 

converted to light, heat or work, and as the number of electric appliances increased it 

gradually changed daily life and chores in both households and industries (Smil, 2003).  

The first commercial power stations were built in the 1880s. In that period the incandescent 

lamp, street lights, electric transformers and three-phase electric transmission systems were 

invented (Bellis, 2010). From the 1880s to the early 20th century electricity generation steadily 

increased as well as the number of electric appliances, with the invention of e.g. the electric 

refrigerator, electric amplifier and electric motor. 

From 1925 to 1955, worldwide production of electricity grew from 200 to 1200 TWh, with 

the United States accounting for more than 50% of total production, followed by Germany, 

the former Soviet Union, and the United Kingdom (Yeh and Rubin, 2007). Global average 

growth of electricity amounted to 6.2% per year in period 1925-1955. This trend continued in 

the period 1955-2007, as power generation increased by 5.5% per year to nearly 20,000 TWh 

in 2007 (IEA, 2009).  

 

1 . 2  R o l e  o f  f o s s i l  f u e l s  i n  p o w e r  g e n e r a t i o n  

From the beginning of large-scale electricity generation, fossil fuels played a significant role. 

Fossil fuels are formed by anaerobic decomposition of organic material in a process that takes 

millions of years. Three primary types of fossil fuels can be distinguished: 

• Coal, with derivatives as coke, blast furnace gas and coke oven gas. Primary coal can 

be classified into four categories, depending on carbon content;  
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o lignite, which is geologically the youngest coal with the lowest carbon content 

of 25-35% and highest moisture content of 45% (KET, 2005), sometimes also 

called brown coal.  

o sub-bituminous, which contains 35-45% carbon content (KET, 2005)  

o bituminous, most common coal, which contains 45-85% carbon content (KET, 

2005) 

o anthracite, which has the highest carbon content between 85-98% and moisture 

content less than 15% (KET, 2005).  

• Natural gas with liquefied natural gas (LNG) as derivative (shortly referred to as gas)  

• Crude oil, with derivatives of e.g. fuel gas, LPG, gasoline, diesel oil, kerosene, 

lubricants, bitumen (shortly referred to as oil) 

 

Fuels used for power generation can be primary fuels or secondary fuels (derivatives). For 

coal most frequently bituminous coal is used (71% of global coal-fired power generation in 

2007), followed by sub bituminous coal (14%) and lignite (9%) (IEA, 2009). 

 

Around the year 1900, mainly coal and hydro power were used for power generation, later to 

be complemented by oil, gas and nuclear power. Oil became a dominant fuel for power 

generation during the twentieth century, partly due to dropping oil prices from 1920 until 

1973. After the oil shocks of 1973 and 1979, during which the price of oil increased from 5 to 

45 US dollars per barrel, there was a shift away from oil (Yergin, 1993). Coal, natural gas, 

and nuclear energy then became the fuels of choice for electricity generation.  

In 2007, coal and natural gas are used for 61% and 31% of global fossil-based power 

generation, respectively. The share of oil in fossil-fired power generation has decreased, from 

28% in 1970 to 18% in 1990 and only 8% in 2007, while the share of gas grew from 12% in 

1980 to 23% in 1990 and 31% in 2007 (IEA, 2009).  

 

The importance of fossil fuels in power generation is increasing. Global power generation 

increased by 67%, from 11,814 TWh in 1990 to 19,771 in 2007 (IEA, 2009). The share of 

fossil fuels in the fuel mix for power generation increased from 64% in 1990 to 68% in 2007. 

In absolute sense power generation by fossil fuels increased by 80%, from 7,483 TWh in 

1990 to 13,459 TWh in 2007 (see Figure 1). This is partly due to a strong growth of coal-fired 

power generation in China from 471 TWh in 1990 to 2,685 TWh in 2007 and in India from 

192 TWh in 1990 to 549 TWh in 2007 (IEA, 2009). 
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F igure  1  Global  power  genera t ion  by  energy  source  per iod  1990-2007 ( IEA,  2009)   

 

In a business as usual situation fossil fuels for power generation are projected to increase by 

as much as 72% in 2030 in comparison to 2005 level from 132 EJ in 2005 to 227 EJ in 2030 

(IEA, 2007b), see Figure 2. This corresponds to 35,384 TWh fossil power generation in 2030, 

which is an increase of 80% in comparison to 2007. The share of fossil power generation in 

total power generation would then grow to 70% in 2030. 
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F igure  2  Breakdown of  energy  input  for  power  genera t ion  by  energy  source  g lobal ly  in  

2005 and  2030 ( IEA,  2007b)   

 

1 . 3  C o n c e r n s  o f  f o s s i l  f u e l  u s e  f o r  p o w e r  g e n e r a t i o n  

Despite their popularity and advantages, the combustion of fossil fuels raises a number of 

concerns. Here discussed are environmental concerns and security of energy supply concerns. 

1 . 3 . 1  E n v i r o n m e n t a l  c o n c e r n s  

One of the environmental concerns of fossil fuel combustion is the emission of carbon dioxide 

(CO2). Carbon dioxide is one of the greenhouse gases that enhance radiative forcing and 

contribute to global warming, causing the average surface temperature of the Earth to rise. 

Many countries have adopted a global warming limit of 2 °C or below (relative to pre-

industrial levels) as a guiding principle for mitigation efforts to reduce climate change risks, 

impacts and damages (e.g. due to rising sea levels and increase in extreme weather events) 

(Meinshausen et al., 2009). IPCC (2007) estimates that global greenhouse gas emissions need 

to reduce by 50-85% in 2050 in comparison to 2000 levels in order to limit global temperature 

increase to 2.0-2.4ºC, in comparison to pre-industrial temperature level.  

 

Direct CO2 emissions from fossil-fired power generation amount to 10.4 Gtonne CO2 in 2005 

(IEA, 2008), equivalent to 27% of global greenhouse gas emissions in 20051 (WRI, 2010). 

                                                
1 Excluding negative emissions from land use change and forrestry, which were 5.4 Gtonne CO2eq in 2005 (WRI, 2010). 

12

Chapter 1



China, United States and EU27 together emit nearly 60% of global greenhouse gas emissions 

from power generation in 2007 (see Figure 3). 

Coal emits per unit of energy used more greenhouse gas emissions than oil and natural gas 

(94-107 t CO2/TJ in comparison to 56 for natural gas and 63-80 t CO2/TJ for oil (IEA, 2008)). 

Of total greenhouse gas emissions from power generation in 2007, 73% was emitted by coal-

fired power generation, 19% by gas-fired power generation and 8% by oil-fired power 

generation (based on IEA, 2009). 

 

 

F igure  3  Breakdown of  greenhouse  gas  emiss ions  by  power  genera t ion  g lobal ly  by  country  

in  2007 (based  on  IEA,  2009)   

 

Although fossil-based power generation grew by 80% in the period 1990-2007 (see Figure 1), 

related greenhouse gas emissions grew by a lower rate of 64%, from 6.85 Gtonne in 1990 to 

11.3 Gtonne in 2007 (IEA, 2009b). Fossil fuel use grew by a similar rate of 65% in this 

period. The lower growth rate of greenhouse gas emissions and fossil fuel use in comparison 

to fossil power generation is a result of an increase in the energy efficiency of fossil-based 

power generation. 

 

Besides greenhouse gas emissions, also air pollutants emitted by fossil-fired power plants are 

of concern. These emissions depend on the type of fossil fuel used and on the level of 

pollution control. Important emissions are NOx, SO2, volatile organic compounds (VOC) and 

heavy metals. Other fuel specific concerns are e.g. mercury emissions, solid wastes (ash), oil 

spills and water use for oil and gas exploration. 

 

The impact these environmental concerns can be quantified by determining associated 

external costs of fossil-fired power generation. External costs are defined as costs that are not 

reflected in the price, but which society as a whole must bear. Total external costs of 
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electricity generation in the EU are estimated to be between 1.8–6.4 Eurocent/kWh in 2007, 

or 60-215 bln EUR in total (Ecofys, 2009). These costs consist of three components which are 

climate change (mainly caused by CO2 emissions), impacts on health associated with air 

pollutants and other non-environmental social costs (see Figure 4). The majority of these 

external costs result from fossil fuel use. Figure 5 gives a range of external costs by electricity 

generation technology in the EU. 

 

 

F igure  4  Breakdown of  ex terna l  cos ts  of  gross  e lec t r ic i ty  product ion  in  the  EU in  2007,  

for  low,  h igh  and  average  es t imate  (Ecofys ,  2009) 
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F igure  5  Es t imated  average  EU externa l  cos ts  for  ne t  e lec t r ic i ty  genera t ion  technologies  in  

2007 (Ecofys ,  2009)  

1 . 3 . 2  S e c u r i t y  o f  e n e r g y  s u p p l y   

A second concern is security of energy supply. Fossil fuel reserves are being depleted faster 

than new ones are formed, leading to depletion of reserves. The amount of fossil fuel sources 

stored in reserves is uncertain since new reserves are being discovered continually. Based on 

BP (2010), the length of time that proven reserves last, if production continues at the same 

level as in 2008, amounts to 42 years for oil, 63 years for gas and 122 years for coal. Security 

of energy supply can therefore be another reason to limit the use of fossil fuels. Due to 

depletion of resources, fossil fuel costs may rise when resources become scarcer. Additionally 

there may be uncertainty in energy supply due to imports from politically unstable countries. 

In EU27 as much as 65% of primary fossil fuel supply is net imported in 2007 and in the 

United States this is 35% (IEA, 2009).  

Figure 6 shows that coal resources are more widely spread over world regions than gas and oil 

reserves, which are for 70% located in Middle East and Former Soviet Union. 
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F igure  6  Foss i l  fue l  reserves  by  wor ld  reg ion  by  end  2009 (BP,  2010)   

 

When looking at security of energy supply, coal has the advantage of being more abundantly 

available and geographically more widely spread than gas and oil. At the same time however, 

coal emits higher amounts of greenhouse gas emissions per unit of energy used and causes 

higher levels of air pollution than oil and more particular than natural gas use.  

1 . 3 . 3  M e e t i n g  t h e  c h a l l e n g e  

Options to reduce environmental concerns of fossil fuel use in power plants can comprise the 

following:  

1. reduction of demand for electricity in energy demand sectors (e.g. households and 

industries),  

2. implementation of renewable energy sources,  

3. energy efficiency improvement of power generation  

4. fuel switch from coal or oil to natural gas, due to lower CO2 intensity of fuel and 

higher possible energy efficiency for gas-fired power generation 

5. carbon capture and storage (CCS) from fossil or biomass power plants, where CO2 is 

captured from flue gas and stored underground 

 

The first three options concern a reduction of the use of fossil fuels. These options therefore 

have the advantage to increase security of energy supply as well. Options 4 and 5 on the other 

hand only contribute to mitigate environmental concerns. They may even decrease security of 

supply by using more fossil fuels to generate energy for CO2 capture installations, or by 

switching from coal to gas and oil, with more security of supply concerns. 
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This thesis focuses on the role energy efficiency of fossil-fired power generation can play in 

reducing fossil energy use and in reducing greenhouse gas emissions of power generation, in 

an international context.     Specific fossil fuel use and related greenhouse gas emissions of 

power generation have a linear relationship to energy efficiency. 

 

Section 1.4 discusses energy efficiency of fossil-fired power generation in more detail. 

1 . 4  E n e r g y  e f f i c i e n c y  o f  f o s s i l - f i r e d  p o w e r  g e n e r a t i o n   

Energy efficiency of power generation is defined in formula 1: 

 

E = P / I           (1) 

Where: E = Energy efficiency, P = Power generation (PJ) and I = Fuel input (PJ) 

 

The most important aspects influencing energy efficiency of fossil-based power generation 

are the design parameters of the technology used, such as steam temperature and pressure for 

coal-fired plants or firing temperature for gas-fired plants.  

Since the role of oil in fossil-fired power generation is small and decreasing, most focus in 

this thesis is on coal and natural gas use for power generation. 

 

The most widely used technology for coal-fired power generation is pulverised coal 

combustion in a boiler plant based on the Rankine cycle (Platts, 2006). Coal is combusted in a 

boiler and with the generated heat pressurised water is heated to steam. The steam drives a 

turbine and drives a generator. In the 1920s pulverised coal fired power plants reached 

efficiencies of 20% while due to increase in steam temperature to 600 °C and steam pressure 

to 280 bars efficiencies have increased to up to 47% (Hendriks at al, 2004). 

Most large-scale gas-fired power generation is done in combined-cycle power plants (Platts, 

2006). In the gas turbine of a combined cycle plant, the input temperature to the turbine 

(firing temperature), is relatively high (900 to 1,430 °C). The output temperature of the flue 

gas is consequently also high (450 to 650 °C) and sufficient to provide heat for a Rankine 

cycle with steam as the working fluid. Since the 1980s the efficiency of a combined-cycle 

plant has gradually improved from well below 50% to 59-60% (Hendriks at al., 2004). Also 

coal firing and biomass firing is possible in a combined-cycle by gasification; in integrated 

coal gasification combined cycle plants (IGCC). These technologies are not widely used yet. 

The state of the art of power generation equipment has improved over time and energy 

efficiency has gradually improved when working temperatures of turbines increased. 

Therefore the efficiency of power generation on a country level is mostly a result of the 

choice of the technology made at the time the power plant was built. Factors influencing the 

choice of technology from an economic point of view are e.g. investment costs, fuel costs and 

reliability. Besides technology, other factors can influence the energy efficiency of fossil-

based power generation, which are summarized in Table 1. These are e.g. local circumstances 

such as altitude and climate conditions, operation and maintenance including expected load 

hours, fuel characteristics and environmental control standards.  
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Table  1  Fac tors  in f luencing  energy  ef f ic iency  of  foss i l-based  power  genera t ion   

Category  

Key design parameters such as steam temperature and pressure in case of use of 

a Rankine cycle or working temperature gas turbine are of most influence for the 

energy efficiency of power generation. 

Size of power plant 

Large-scale power plants (> 100 MW) can reach a higher efficiency level than 

small-scale power plants (Graus et al., 2008). 

Technology 

Cooling method 

The effect of cooling method (e.g. surface water cooling, sea water cooling, 

cooling tower or air cooling) on efficiency may be up to 1-2 percent points 

(Phylipsen et al., 1998). 

Altitude 

Altitude can be a factor in performance by lower oxygen content in air at higher 

altitudes. The amount of the effect is however considered to be small (Arrieta 

and Lora, 2005). 

Local circum-

stances 

Climate 

Weather conditions influence the operation of steam cycles and gas turbines. 

Plants in warmer climates have therefore a structural lower efficiency than 

comparable plants in cooler climates. 

The efficiency loss as function of the cooling water temperature for different 

type of turbines. The effect of higher cooling water can be up to 2-2.5% (1-1.5 

percent point). (Kema, 2004) 

There is also a secondary effect of a high ambient temperature. When the 

ambient-air temperature increases, its specific mass is reduced. In order to ensure 

the same air volumetric flow, the mass flow is reduced, causing the power of a 

gas turbine to fall. The impact of this on energy efficiency is estimated to be up 

to 1.5-2 percent point for a difference in ambient temperature of 35 ºC (Arrieta 

and Lora, 2005).  
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Load hours 

Operational energy-efficiencies may be a few percent lower than design 

efficiencies due to start-up and shutdown of the plant. This especially impacts 

the energy efficiency of peak-load plants. When the plant operates at 30% 

capacity the energy efficiency can be 4 to 5 percent points lower when operating 

at full load (VGB PowerTech, 2004) 

Operation and 

maintenance 

Maintenance 

Generally the effect of maintenance on operational energy efficiency of a plant is 

small and below 0.5 percent point. However in individual cases, where there is a 

serious deficiency in maintenance, the effect can be up to 1-5 percent points 

(Graus et al., 2008). 

Fuel quality 

For coal-fired power plants, fuel quality can have an impact on generation 

efficiency. The effect of using coals with a lower ash content can be up to 1 

percent point through reduced grinding and fuel and solids handling energy 

needs (IEA, 2007).  

For gas-fired power generation, the type of gas can have an impact on energy 

efficiency. The maximum efficiency that can be reached in a combined-cycle 

designed to be able to use different gas constitutions (e.g. in the case of industrial 

process gas) is significantly lower than a natural gas-fired combined-cycle.  

Fuel 

characteristics 

Biomass co-firing 

Biomass is increasingly co-fired in conventional coal power plants fired with 

both hard coal and lignite. The efficiency of the coal fired power plant decreases 

with co-firing by up to 0.5 percent point. (Ecofys, 2008). 

Pollution control Pollution abatement technologies can affect the efficiency of power generation, 

as it leads to increased internal consumption of power and - for specific 

technologies - steam.  
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1 . 5  R e s e a r c h  q u e s t i o n s  

This thesis focuses on energy efficiency of fossil-fired power generation as a mitigation 

options for greenhouse gas emissions. Changes in technologies used for power generation can 

increase the conversion efficiency of primary energy to final energy. Technological change 

for power generation can comprise the development and diffusion of new technologies or 

improvements to existing technologies. This thesis focuses on improvements in currently used 

and new technologies for fossil-fired power generation. The overall research question of this 

thesis is: 

 

What role can energy efficiency of fossil power generation play in reducing fossil energy use 

and in reducing greenhouse gas emissions of fossil-based power generation? 

 

To answer this question, several sub questions are defined: 

1. How does the potential for energy efficiency improvement in energy supply sectors 

compare to that in energy demand sectors? 

2. How can the energy efficiency of fossil power generation between countries be 

compared? 

3. What is the influence of pollution control on the energy efficiency of fossil power 

generation? 

4. What methods are appropriate to calculate the CO2 intensity of power generation? 

5. What is the potential to reduce greenhouse gas emissions by implementing best 

practice technology for power generation? 

6. How has energy efficiency developed in the past and what is the likely trend in the 

next decade? 

7. To what degree will carbon capture and storage contribute to CO2 emission mitigation 

over the next decade? 

 

These sub questions are further discussed below. 

 

1. How does the potential for energy efficiency improvement in energy supply sectors 

compare to that in energy demand sectors? 

In the period 1990-2005 global primary energy supply increased by 30% from 367 EJ to 479 

EJ. In the reference scenario of the IEA World Energy Outlook 2007 edition, global energy 

supply grows by another 55% to 742 EJ in 2030 (IEA, 2007b). Fossil fuels account for 80% 

of the primary energy supply in 2005 and 2030 and are responsible for 75% of total 

greenhouse gas emissions in 2005 (WRI, 2010). Energy-efficiency is a key measure to reduce 

fossil fuel consumption and thereby greenhouse gas emissions. Assumptions regarding the 

potential for energy efficiency improvement is therefore an important input in long term 

energy and greenhouse gas emission scenarios (e.g. IPCC (2007), IEA (2008b) and WBCSD 

(2005)).  
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Few studies are available that estimate the potential for energy efficiency improvement, in a 

global context, while looking at both energy demand and energy supply sectors. In Chapter 2 

global energy-efficiency potentials are estimated for energy demand and energy supply 

sectors for the period 2005-2050. Energy demand is defined as final energy use by end use 

sectors (industry, transport, buildings and others). Energy supply is defined as primary energy 

supplied by supply sectors (e.g. power plants, energy distribution companies and refineries) to 

end use sectors globally. Conversion losses that occur in fossil-fired power generation account 

for 60% of energy losses that occur in the energy supply sector (IEA, 2009). The energy 

savings potential in energy supply depends therefore to a large extent on the option the 

improve energy efficiency of fossil-fired power generation. 

 

2. How can the energy efficiency of fossil power generation between countries be compared? 

International comparisons of energy-efficiency can provide a benchmark against which a 

country’s performance can be measured against that of other countries. The results can be 

used to determine potential energy savings and greenhouse gas emission reduction potentials.  

Benchmarks for overall fossil-fired power generation in comparison to fuel specific 

benchmarks (coal, gas, oil) are not available. In order to compare the energy efficiency of 

fossil-fired power generation on a country level fuel specifc benchmarks (coal, oil, gas) are 

available (e.g. Phylipsen et al., 1998). The weighted average efficiency for fossil-fired power 

generation can be calculated. A disadvantage of this is that the fuel mix influences the 

efficiency of fossil-fired power generation as the energy-efficiency for natural gas-fired power 

generation is generally higher than the energy efficiency for coal or oil-fired power 

generation. Countries that generate power with high levels of natural gas may therefore have a 

higher energy efficiency. In order to exclude the influence of fuel mix on energy efficiency of 

fossil power generation an overall fossil benchmark is developed in Chapter 3 in order to 

compare efficiencies for fossil-fired power generation on a country level, irrespective of the 

fuel mix. 

The countries evaluated are Australia, China2, France, Germany, India, Japan, Nordic 

countries (Denmark, Finland, Sweden and Norway aggregated), South Korea, United 

Kingdom and Ireland, and United States. Together these countries generate 65% of worldwide 

fossil power generation. 

 

3. What is the influence of pollution control on the energy efficiency of fossil power 

generation? 

Factors influencing energy-efficiency of power generation are e.g. the type and age of power 

plants and the fuel types and technologies used (see Table 1). Also flue gas cleaning can have 

an impact on energy efficiency. Strict pollution control may increase auxiliary power 

consumption of power plants and reduce energy efficiency. The most common form of 

pollution control in fossil-fired power plants is desulphurisation and denitrification. These 

pollution control technologies consume energy and thereby reduce the overall energy 

                                                
2
 Including Hong Kong 
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efficiency of a power plant. The level of SO2 and NOx control for countries differs widely, 

depending on national emission regulation. Countries with high levels of SO2 and NOx control 

may have lower efficiencies than they would have had if SO2 and NOx control would not have 

been applied.  

Chapter 4 gives an overview of the effects of SO2 and NOx pollution control on the energy 

efficiency of fossil-fired power generation on a country level. The countries evaluated in this 

study are the same as in Chapter 3; Australia, China, France, Germany, India, Japan, Nordic 

countries (Denmark, Finland, Sweden and Norway aggregated), South Korea, United 

Kingdom and Ireland, and United States.  

 

4. What methods are appropriate to calculate the CO2 intensity of power generation? 

5. What is the potential to reduce greenhouse gas emissions by implementing best practice 

technology for power generation? 

CO2 intensity of power generation is measured as the CO2 emitted per unit of power generated 

or consumed (g/kWh). It can be used to calculate greenhouse gas emission reductions that can 

be achieved by electricity savings. Also it can be used to compare countries with one another, 

e.g. to identify differences in intensity and opportunities for CO2 emission reduction. There 

are however different methods to calculate CO2 intensity.  

In Chapter 3 one heat correction method was used to calculate benchmarks for energy 

efficiency. This method was used to correct energy efficiency to exclude the influence of heat 

generation in case of combined heat and power generation (CHP). In Chapter 5, different heat 

correction methods are included to calculate CO2 intensity of power generation. The purpose 

is to see what the influence of the heat correction method on results is. 

Chapter 5 also assesses the difference in CO2 intensity of power generation versus power 

consumption by taking into account transmission and distribution losses.  

 

6. How has energy efficiency developed in the past and what is the likely trend in the next 

decade? 

In Chapter 6 the focus is on the European Union (EU). In 2005, 40% of primary energy 

supply in the EU-27 was used to produce power, of which 55% is generated by fossil fuel 

sources (IEA, 2007). Greenhouse gas emissions from fossil fuel combustion for power 

generation, account for approximately 30% of total greenhouse gas emissions in the EU 

(WRI, 2010). Improving the energy-efficiency of fossil-fired power generation is one of the 

measures to reduce the greenhouse gas emissions and to mitigate other unwanted effects of 

the use of fossil fuels like a decrease of most pollutants and an increase of security of energy 

supply. Currently 65% of fossil fuel use in the EU is net imported (IEA, 2007).  

In Chapter 6 we look at the trend in energy-efficiency of fossil-fired power generation in the 

EU in the past and forecast future energy-efficiency. The main question is how much energy-

efficiency has improved in the period 1990-2005 and what developments can be expected for 

the period 2005-2015.  
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7. To what degree will carbon capture and storage contribute to CO2 emission mitigation 

over the next decade? 

Long term scenarios to reduce greenhouse gas emissions often rely on carbon capture and 

storage from fossil-fired power plants as part of the solution to reach greenhouse gas emission 

reduction targets (Martinot et al., 2007). Carbon capture and storage (CCS) is a technology 

where CO2 is captured from a large emission source and stored in e.g. aquifers, old coal beds, 

and oil or gas fields (see e.g. Koornneef, 2010). The main advantage of CCS is that it is 

possible to keep using fossil fuels and the associated infrastructure while emitting only limited 

amounts of CO2. Hoogwijk and Höhne (2005) show that most scenario studies rely on CCS to 

be used at least for an interim period (2030-2050) to achieve greenhouse gas emission 

reduction in the order of 50% in 2050 globally, in comparison to 1990 level. In the BLUE 

Map scenario of the International Energy Agency, CCS technologies contribute to 19% of 

global CO2 mitigation in 2050 (in which emissions are reduced by 50% in comparison to 2006 

level) (IEA, 2008).  

Since fossil power plants have a typical lifetime of 40 years or more. This means that power 

plants that are currently built will remain in operation until after 2040-2050. In order to be 

able to implement carbon capture and storage in the period up to 2050, it is important that 

these plants are carbon capture-ready. By “capture-ready” is meant that a plant can be 

equipped with CO2 capture technology while it is under construction or after it has been built. 

During the design process the option of CCS has been evaluated and the design has been 

adapted accordingly, taking into account needed space for adding CO2 capture equipment and 

sometimes making modest pre-investments, to limit relatively larger investments later on. If a 

plant is not capture-ready this means it is either more expensive to add CO2 capture 

technology or impossible due to insufficient space at the site or no suitable reservoir to store 

the CO2 within acceptable distance. 

Few studies determined the degree to which new power plants are capture-ready. Chapter 7 

focuses on recently built and planned power plants in the European Union (EU) and aims to 

determine if these plants are built as capture-ready and how this impacts the potential for CCS 

to mitigate CO2 emissions by 2030.  

 

The thesis ends with a summary and general conclusions for the research questions 

investigated. 
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2  Global  energy  e f f i c iency  improvement  in  the  long  term:   

a  demand and supply  s ide  perspect ive 3 

A b s t r a c t  

This study assessed technical potentials for energy efficiency improvement in 2050 in a global 

context. The reference scenario is based on the World Energy Outlook (WEO) of the 

International Energy Agency edition 2007 and assumptions regarding GDP developments 

after 2030. In the reference scenario, worldwide final energy demand almost doubles from 

293 EJ in 2005 to 571 EJ in 2050 and primary energy supply increases from 439 EJ in 2005 to 

867 EJ in 2050 (excluding non-energy use). It is estimated that, by exploiting the technical 

potential for energy efficiency improvement in energy demand sectors, this growth can be 

limited to 8% or 317 EJ final energy demand and 473 EJ primary energy supply in 2050. This 

corresponds to a potential for demand-side energy-efficiency improvement of 44% in 2050, in 

comparison to reference energy use. In addition, a potential is available for improving energy-

efficiency in the transformation sector. In 2005, as much as 33% of primary energy supply is 

lost in the transformation of primary energy to final energy. It is estimated that this share can 

be reduced to 19% in 2050 by e.g. improving energy-efficiency of fossil-fired power 

generation (assuming no changes in the fuel mix for power generation). Including the 

potential for energy-efficiency improvement in energy demand sectors, total primary energy 

supply would then decrease by 10% from 439 EJ in 2005 to 393 EJ in 2050. This contributes 

to a total potential for energy-efficiency improvement of 55% in 2050 in comparison to 

reference primary energy supply. 

                                                
3 Accepted for publication in Energy Efficiency. Co-authors are Eliane Blomen and Ernst Worrell. 
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2 . 1  I n t r o d u c t i o n  

In the period 1990-2005 global primary energy supply increased by 30% from 367 EJ to 479 

EJ. In the reference scenario of the IEA World Energy Outlook 2007 edition, global energy 

supply grows by another 55% to 742 EJ in 2030 (IEA, 2007a). Fossil fuels account for 80% 

of primary energy supply in 2005 and are expected to have the same share in energy supply in 

2030, under business as usual conditions. Fossil fuel combustion is a major source for 

greenhouse gas emissions and accounts for 75% of total greenhouse gas emissions in 2005 

(WRI, 2008). Energy-efficiency is a key measure to reduce fossil fuel consumption and 

thereby greenhouse gas emissions. Assumptions regarding the potential for energy efficiency 

improvement are therefore an important input in long term energy and greenhouse gas 

emission scenarios (e.g. IPCC (2007), IEA ETP (2008) and WBCSD (2005)). Few studies are 

however available that give details on the potential for energy efficiency improvement, in a 

global context, while looking at both energy demand and energy supply sectors. 

The goal of this study is to estimate global energy-efficiency potentials for energy demand 

and supply sectors for the period 2005-2050, based on available literature sources and own 

calculations. It is based on scenario studies done for UBA (2010) and for the Greenpeace-

EREC Energy [r]evolution study (see Krewitt et al., 2007 and 2009), where it is assumed that 

a certain percentage of the technical potentials are implemented in the Energy [R]evolution 

scenario.  

A number of global energy scenarios are used as inputs to determine technical potentials. 

These are e.g. IEA's Energy Technology Perspectives (IEA ETP, 2008) and the World 

Business Council on Sustainable Development's scenario for 2050 (WBCSD, 2005). The IEA 

ETP developed several scenarios for reducing greenhouse gas emissions. One of them is the 

BLUE Map scenario, in which specific measures to improve energy efficiency are looked at 

in terms of market share and percentage of improvement in 2050.  

This paper is structured as follows. First the approach and data sources are described in 

section 2 followed by the results in section 3. Section 4 gives a discussion of uncertainties and 

section 5, presents conclusions. 

2 . 2  A p p r o a c h  a n d  d a t a  s o u r c e s   

This section describes the approach used to calculate the technical potentials for energy-

efficiency improvement. This is defined as the energy use that can be reduced by 

implementing technical measures, in comparison to the level of energy use in a reference 

scenario, where current trends continue and no large changes take place in the production and 

consumption structure of the economy. Measures aimed at influencing behavioural change are 

not taken into account. This section first gives a description of the reference scenario (2.1) 

followed by a description of the method used for calculating technical potentials (2.2). 

2 . 2 . 1  R e f e r e n c e  s c e n a r i o  

The reference scenario is based on the World Energy Outlook (WEO) of the International 

Energy Agency edition 2007 (IEA, 2007a), for the period 2005-2030. For the period 2030-
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2050 the WEO scenario is extended by GDP (Gross Domestic Product) forecasts from Simon 

et al. (2008). The economic growth assumptions are summarised in Table 2.Under the 

reference scenario, global GDP grows by 440% from 63,720 bln US$  in 2005 to 279,100 bln 

US$ in 2050 (in 2006 dollars, PPP). Population increases from 6.5 billion in 2005 to 9.2 

billion in 2050.  

Table  2 :  GDP development  pro jec t ions  (average  annual  growth  ra tes)  (2010-2030:  IEA 

(2007a)  and  2030-2050:  S imon e t  a l .  (2008))   

 
 

The regional disaggregation in this study is the same as the one used in the WEO 2007 

edition; OECD Europe, OECD North America, OECD Pacific, Transition Economies, China, 

India, Rest of developing Asia, Latin America, Africa and Middle East (see IEA, 2007a). 

In this study we first look at the growth of final energy demand and secondly at the 

development of primary energy supply. Final energy demand (shortly energy demand) is 

defined as energy use by end use sectors (industry, transport, buildings and others) either in 

the form of electricity or in the form of heat or fuels. Primary energy supply (shortly energy 

supply) is defined as primary energy supplied by supply sectors (e.g. power generation, 

energy distribution companies and refineries) to end use sectors. The losses that occur in 

energy supply are here called transformation losses and include distribution losses. By first 

looking at energy demand, the lowest possible energy use can be calculated in 2050 by 

implementing both technical measures in energy demand sectors and energy supply sectors.  

The growth of energy demand as a result of GDP growth depends on the development of the 

energy intensity of the economy. Energy intensity is in this study defined as final energy use 

per unit of gross domestic product. The energy intensity in an economy tends to decrease over 

time. Changes in energy intensity can be a result of a number of factors e.g.: 

 Autonomous energy efficiency improvement, which occurs due to technological 

developments. Each new generation of capital goods is likely to be more energy 

efficient than the one before.  

 Policy-induced energy efficiency improvement as a result of which economic actors 

change their behaviour and invest in more energy efficient technologies or improve 

energy management. 

 Structural changes that can have a downward or upward effect on the economy’s 

energy intensity. An example of a downward effect is a shift in the economy away 

from energy-intensive industrial activities to services related activities. Also there can 

be demand saturation in certain sectors or countries. For instance in a country with 
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already comparatively high volumes of passenger travel, the increase of GDP may 

lead to a lower than linear increase of passenger travel and thereby decreasing energy-

intensity. 

Only the first two are regarded in this study as energy-efficiency improvement. Energy 

efficiency improvement is defined as the decrease in specific energy consumption per 

physical unit of energy service (e.g. GJ/tonne crude steel, MJ/passenger km, MJ/m2 floor 

surface etc.). 

For the calculation of the technical potentials it is important to know the energy intensity 

decrease in the reference scenario that is a result of energy efficiency improvement and the 

energy intensity decrease that results from structural changes. The energy intensity decrease 

in the reference scenario differs per region, ranging from 1 to 2.5%/year as average, for the 

period 2005-2050 (see Figure 7).  

 
F igure  7 :  Growth  f ina l  energy  demand in  average  % per  year  in  per iod  2005-2050 4 

 

The share of energy intensity decrease due to autonomous or policy induced energy efficiency 

improvement, is not available for this study, except for transport (see also section 2.2.1 and 

section 4). For sectors other than transport, we assume that autonomous and policy induced 

energy efficiency improvement is equal to 1% per year, based on historical developments of 

energy efficiency improvement in buildings and industries (see e.g. Blok (2005) and Odyssee 

(2005)). When calculating the potential for energy efficiency improvement, the energy 

                                                
4 Data for period 2005-2030 is based on IEA (2007a) and data for period 2030-2050 is extrapolated based on trend energy intensity in period 
2005-2030 and GDP growth rates of Simon et al. (2008). 
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efficiency that already occurs is the reference scenario is subtracted from the total potential in 

order to calculate the remaining potential relative to the reference scenario. More detailed 

explanations are included in section 2.2.  

Figure 7 shows annual GDP growth rates, annual energy intensity decrease and the resulting 

annual growth in final energy demand per region in the reference scenario. Global energy 

intensity decreases from 4.6 MJ/US$ to 2.0 MJ/US$ in the period 2005-2050 (or 1.8% per 

year).  

Final energy demand is projected to increase most in India and China (3.2%/y and 2.4%/y, 

respectively), followed by Middle East (2.2%/y) and Latin America (2.0%/y). Energy demand 

increase is lowest in OECD Europe, OECD Pacific and OECD North America (between 

0.6%/y and 0.9%/y), due to lower GDP growth rates. 

The reference scenario covers energy use of four sectors; (1) transport, (2) industry, (3) 

buildings and others (e.g agriculture) and (4) transformation sector. Per sector a distinction is 

made between electricity demand and fuel and heat demand. Fuel and heat demand is shortly 

referred to as fuel demand. This study only focuses on energy-related fuel, power and heat 

use. Non-energy use (including feedstock use in petrochemical industry) is excluded. It is 

assumed that the share of non-energy use in industries in 2050 is the same as in 2030.  

Figure 8 shows the reference scenario for final energy demand for the world by sector.  

 
 

 
F igure  8 :  F ina l  energy  demand (EJ)  in  re ference  scenar io  per  sec tor  wor ldwide 
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Global final energy demand is expected to grow by 95%, from 293 EJ in 2005 to 571 EJ in 

2050. The relative growth in the transport sector is largest, where energy demand is expected 

to grow from 84 EJ in 2005 to 183 EJ in 2050. Fuel demand in buildings and agriculture is 

expected to grow slowest from 91 EJ in 2005 to 124 EJ in 2050.  

Figure 9 shows the final energy demand per region in the reference scenario. 

 

 
F igure  9  F ina l  energy  demand (PJ)  in  re ference  scenar io  per  reg ion 

 

In the reference scenario, final energy demand in 2050 is largest in China (121 EJ), followed 

by OECD North America (107 EJ) and OECD Europe (68 EJ). Final energy demand in 

OECD Pacific and Middle East is lowest (28 EJ and 31 EJ respectively).  

Table 3 shows final energy demand, final energy demand per capita and primary energy 

supply by world region. Primary energy supply is based on the conversion efficiency (ratio: 

final energy demand / primary energy supply) of the transformation sector, which is also 

included in the table. The conversion efficiency is based on the development of the 

conversion efficiency in the period 2030-2050 in IEA (2007a). 
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Table  3  F ina l  energy  demand and  pr imary  energy  supply 

 Final energy 

demand (EJ) 

Final energy demand 

(GJ) / capita) 

Primary energy 

supply (EJ) 

Conversion 

efficiency (%) 

 2005 2050 2005 2050 2005 2050 2005 2050 

OECD North America 71 107 71 71 106 157 68% 68% 

OECD Pacific 21 28 21 21 29 37 72% 76% 

OECD Europe 52 68 52 52 79 105 66% 64% 

Transition economies 27 42 27 27 42 64 63% 65% 

India 13 55 13 13 21 92 62% 60% 

China 43 121 43 43 60 174 72% 70% 

Rest of developing Asia 20 46 20 20 32 77 64% 60% 

Latin America 15 37 15 15 23 58 65% 63% 

Middle East 12 31 12 12 15 40 78% 76% 

Africa 18 37 18 18 25 51 74% 72% 

World 293 571 293 293 439 867 67% 66% 

 

In terms of final energy demand per capita, there are still large differences between world 

regions in 2050 in the reference scenario. Energy demand per capita is highest in OECD 

North America (186 GJ/capita), followed by OECD Pacific and Transition Economies (156 

respectively 142 GJ/capita). Final energy demand in Africa, Rest of developing Asia, India 

and Latin America is expected to be lowest (19, 30, 33 and 58 GJ/capita, respectively). 

In the reference scenario, global primary energy supply grows from 439 PJ in 2005 to 867 PJ 

in 2050. Non-OECD countries show the strongest growth of primary energy supply from 218 

PJ in 2005 to 556 PJ in 2050. Total energy supply in OECD countries grows from 214 to 299 

EJ in the same period.  This means that the share of non-OECD countries in total primary 

energy use grows from 50% in 2005 to 71% in 2050. 

The conversion efficiency in 2005 ranges from 62% for China to 78% for Latin America, with 

a worldwide average of 68%. The major share of transformation losses occur in the power 

generation sector. In 2005 this corresponds globally to 80% of total transformation losses, 

including electricity transmission and distribution losses (based on IEA, 2007b). The 

remaining transformation losses occur mainly in oil refining and coal transformation (e.g. 

coking). The low conversion efficiency for China is mainly a result of the large share of coal-

fired power generation at low efficiency. The relatively high efficiency for Latin America is 

mainly a result of a high share of hydropower in power generation. In IEA statistics the 

conversion of electricity generated by hydropower to primary energy input is 100%. 

2 . 2 . 2  T e c h n i c a l  p o t e n t i a l s  

The technical potential for energy efficiency improvement is calculated on basis of literature 

sources and own calculations. The potentials incorporate technical measures and do not 

include energy savings potentials by behavioural or organisational changes, or structural 

changes (e.g. modal shift in transport). Besides current best practices also emerging 

technologies are taken into account in as well as improved material efficiency. We assume 

that the measures can be implemented after 2010 and that equipment or installations are 

replaced at the end of their lifetime. More detailed assumptions are given in following 

sections 2.1.1 transport, 2.1.2 industry, 2.1.3 buildings and others, and 2.1.4 transformation 

sector. 
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Transport 

Data regarding energy use per transport mode are based on the WBCSD transport scenario 

(IEA/SMP, 2004). This scenario is consistent with the IEA WEO 2007 in terms of global 

energy demand for transport in 2050. 

Transport accounts for nearly 30% of final energy demand worldwide, in 2006 (IEA, 2007b). 

For most regions the share of transport in energy demand is expected to increase by 2050. 

Especially India, China and Africa show a sharp increase of the share of transport in energy 

demand from 12-15% in 2005 to 26-30% in 2050 (IEA/SMP. 2004). International marine 

shipping is not included in this study, due to a lack of regional data. Energy use from 

international marine shipping amounts to 9% of worldwide transport energy demand in 2005 

and 7% in 2050 (IEA/SMP, 2004). 

Figure 10 gives the breakdown of final energy demand in the reference scenario for transport 

by mode in 2005 and 2050. The largest share of global energy use in transport is used by light 

duty vehicles (LDV) (48%), followed by trucks (26%). In 2050, the share of LDV decreases 

to 44% of final energy demand in transport because of an expected growth in air transport, 

corresponding to 13% in 2005 and 19% in 2050 (IEA/SMP, 2004). The shares for the other 

modes remain fairly the same. 

 
F igure  10:  World  f ina l  energy  use  per  mode 2005 ( IEA/SMP,  2004) 

 

For passenger transport (cars, air, rail, 2 and 3-wheel and buses) the potentials for energy-

efficiency improvement are based on data regarding specific energy use in MJ per passenger-

km. For freight transport (road, rail, and national marine) the potentials are based on data 

regarding MJ per tonne-km.  

 

Passenger transport 

Many technologies can be used to improve the fuel efficiency of passenger cars. Examples are 

energy-efficiency improvements in engines, weight reduction and friction and drag reduction 

(see for instance Smokers et al., 2006). The impact of the various measures on fuel efficiency 

can be substantial. Hybrid vehicles, combining a conventional combustion engine with an 
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electric engine, have relatively low fuel consumption. The most well-known today is the 

Toyota Prius, which has a fuel efficiency of 4.0 liter gasoline equivalent5/100 km (1.3 

MJ/vkm) (Toyota, 2010). Further developments are underway of new concept cars with 

specific fuel use as low as 3 liter gasoline equivalent/100 km (1.0 MJ/vkm). There are 

suggestions that applying new light materials, in combination with the new propulsion 

technologies can bring fuel consumption levels down to 1 liter gasoline equivalent/100 km 

(Blok, 2005). SRU (2005) gives a technical potential in 2050 for diesel cars of 1.6 liter ge/100 

km and for petrol cars 2.0 liter gasoline equivalent/100 km in Europe. We assume that fuel 

consumption of average cars in OECD Europe can be as low as 2.0 liter gasoline 

equivalent/100 km in 2050 and we adapt the same improvement percentage in efficiency 

(about 3.2% per year) for other regions.  

Savings for air transport are based on Akerman (2005). He reports that 65% lower fuel 

intensity is technically feasible by 2050. This is applied to 2005 energy intensity (2.6 MJ/p-

km) and results in 0.6 MJ/p-km.  

The company Enova Systems estimates possible energy savings for buses of 50% on average. 

For minibuses the ACEEE reports (DeCicco et al., 2001) a 55% fuel economy improvement 

by 2015. Because no studies are available that estimate energy-efficiency of buses in 2050, 

we assume for buses, including minibuses, an energy-efficiency improvement potential of 

55% in 2050, in comparison to the energy intensity level in 2005.  

For 2-wheelers and 3-wheelers the potential is based on IEA/SMP (2004), where 0.3 MJ/p-km 

and 0.5 MJ/p-km are the lowest values, respectively. The uncertainty in these potentials is 

high. However 2 and 3-wheelers account only for 2% of transport energy demand. 

 

Freight transport 

Elliott et al. (2006) give possible savings for heavy- and medium-duty freight trucks. The list 

of reduction options is expanded by Lensink and De Wilde (2007). For medium-duty trucks a 

fuel economy saving of 50% is reported in 2030 (mainly due to hybridization), for heavy-duty 

trucks savings are estimated at 39% in 2030. We applied these percentages to 2005 energy 

intensity data, calculated the fuel economy improvement per year and extrapolated this 

improvement rate until 2050. For heavy duty trucks this corresponds to 1.0 MJ/tkm in 2030 

and 0.54 MJ/tkm in 2050. Jacoby (2004) estimates that for trucks, 0.94 MJ/tkm is possible by 

a reduction of rolling resistance, improved diesel engines and improved aerodynamics. Van 

Laar (1993) estimates that the energy requirement of heavy-duty freight trucks can be as low 

as 0.5 MJ/tkm.  

Savings for passenger and freight rail were taken from Fulton & Eads (2004). They report a 

historic improvement in fuel economy of passenger rail of 1% per year and freight rail 

between 2 and 3% per year. Since no other sources are available for this study we assume for 

the technical potential scenario 1% improvement of energy efficiency per year for passenger 

rail and 2% for freight rail.  

                                                
5 1 liter of gasoline equivalent = 32 MJ (Lower Heating Value) 
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National marine savings were taken from Lensink and De Wilde (2007). They report 20% 

savings in 2030 for inland navigation as a realistic potential. To get to the potential in 2050, 

we applied these percentages to 2005 energy intensity data, calculated the fuel economy 

improvement per year and extrapolated the yearly improvement rate to 2050.  
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Summary  

Table 4 shows specific energy consumption by region and transport mode in the reference 

scenario and in the technical potential scenario.  

 
Table  4 :  Speci f ic  energy  consumpt ion  by  t ranspor t  mode  and  reg ion  in  re ference  scenar io  

and  technica l  po ten t ia l  scenar io  (va lues  for  re ference  scenar io  2005 and  2050 

f rom IEA/SMP,  2004)  
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Table 5 shows energy efficiency improvement for transport by region, based on the decrease 

in specific energy consumption in 2050 in comparison to 2005 (Table 4) and on the 

breakdown of transport in p-km and t-km by mode in 2050 (see Table 15 and Table 16 in the 

appendix). 

Globally, the resulting technical potential for energy efficiency improvement in transport 

amounts to 2.8% per year. As the energy-efficiency improvement already occurring in the 

reference scenario is 0.5%/yr (IEA/SMP, 2004), a potential of 2.3%/yr exists in comparison to 

the reference scenario. 

 
T a b l e  5 :  E n e r g y  e f f i c i e n c y  i m p r o v e m e n t  t r a n s p o r t  i n  p e r i o d  2 0 1 0 - 2 0 5 0  ( % /y r ) 6 
Region Energy efficiency 

improvement potential 

(%/yr) 

Autonomous energy efficiency 

improvement in reference 

scenario (%/yr)   

Energy efficiency 

improvement in comparison to 

reference scenario (%/yr) 

World 2.8% 0.5% 2.3% 

OECD North America 3.0% 0.4% 2.6% 

OECD Europe 2.9% 0.6% 2.3% 

OECD Pacific 2.8% 0.6% 2.2% 

Transition economies 2.8% 0.4% 2.4% 

India 2.4% 0.3% 2.1% 

China 2.4% 0.4% 2.0% 

Rest of developing Asia 2.6% 0.5% 2.1% 

Latin America 2.9% 0.5% 2.4% 

Middle East 2.9% 0.7% 2.2% 

Africa 2.8% 0.7% 2.1% 

 

Figure 11 shows the development of transport energy demand in the reference scenario and 

the resulting energy demand in the technical potential scenario, based on the energy efficiency 

improvement in Table 5. 

 

 
F i g u r e  1 1 :  E n e r g y  d e m a n d  i n  t r a n s p o r t  i n  r e f e r e n c e  s c e n a r i o  a n d  t e c h n i c a l  p o t e n t i a l  s c e n a r i o  ( E J )  

                                                
6 Energy efficiency improvement here refers to a decrease in specific energy consumption (in MJ/pkm for passenger transport and MJ/tkm 
for freight transport). 
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Industry 

The worldwide average share of industry in total final energy demand is about 30%. The 

share in Africa is lowest with 16% in 2050. The share in China is highest with 43% in 2050. 

For the industry sector, technical potentials for energy efficiency improvement are based on 

(1) implementing best practice and emerging technologies, and (2) increased material 

efficiency (including recycling).  

IEA (2008) estimates an average potential of 19-32% by implementing best available 

techniques (BAT) globally and an additional potential of 20-30% for new technologies. 

Together this amounts to a potential of 35-52% for implementing BAT and emerging 

technologies, varying per sector. We use an average of 45% in our calculations. In order to 

illustrate the potential of best practice and emerging technologies in industry, we give a 

couple of examples for a few energy-intensive industrial processes: cement production, 

ammonia production, chlorine production and aluminium production.  

• Cement production: Two important processes in producing cement are clinker production 

and the blending of clinker with additives to produce cement. Clinker production is the 

most energy intensive step in cement production. The current state of the art kilns 

consume 3.0 GJ/tonne clinker. The thermodynamic minimum is 1.8 GJ/tonne clinker, but 

strongly depends on the moisture content of the raw materials and fuels. The global average 

specific energy consumption per tonne clinker equals 4.2 GJ per tonne (based on REEEP, 

2008). Based on current state of the art this implies a savings potential of 30%. 

• Ammonia production: Ammonia production consumed more energy than any other process 

in the chemical industry and accounted for 18% of the energy consumed in this sector. 

Ammonia is mainly applied as a feedstock for fertilizer production. Current best practice 

energy intensity (excluding feedstock)7 is 8 GJ/tonne ammonia (Sinton et al, 2002). 

Average energy use for ammonia production in 2005 is equivalent to 15 GJ//tonne8 NH3 

(REEEP, 2008). This corresponds to an average savings potential of 45% based on current 

best practice technology. 

• Chlorine production: Chlorine production is the main electricity consuming process in 

the chemical industry, followed by oxygen and nitrogen production. The most efficient 

production process for chlorine production is the membrane process which consumes 

2600 kWh/tonne chlorine, which is already close to the most efficient technology 

considered feasible (IEA, 2008 and Sinton et al, 2002). At the moment however, the 

mercury process is still commonly used for chlorine production, with an energy intensity 

of around 4000-4500 kWh/tonne chlorine. Worldwide the average energy intensity for 

chlorine production is around 3600 KWh/tonne9 chlorine (IEA, 2008 and Sinton et al, 

2002). This corresponds to a savings potential of 28% for electricity use in chlorine 

production, based on the application of membrane technology. 

                                                
7 Which are around 20 GJ/tonne NH3 
8 15 GJ/tonne NH3 for the European Union, 18 for the United States, 20 for Russia, 30 for China and 23 for 

India. 
9 3000 kWh/tonne in Japan, 3500 kWh/tonne in Western Europe and 4300 kWh/tonne in the United States. 
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• Aluminium production: The worldwide energy intensity for aluminium production is 15.3 

MWh per tonne of aluminium in 2006 (based on USGS, 2008 and International 

Aluminium Institute, 2008). The theoretical minimum energy requirement for electrolysis 

is 6.4 MWh/tonne (IEA, 2008). The current best practice is 12-13 MWh per tonne 

(Worrell et al., 2008), which implies an improvement potential of 20%. 

A second means of reducing energy use in industries is material efficiency, by which is meant 

a reduction of the amount of primary material needed to fulfil a specific function. This can be 

achieved by e.g. re-designing a product to a lower material intensity by reducing the amount 

of material needed to manufacture a unit of a product, or material recycling; where secondary 

material is produced by recycling of material (Worrell et al., 1995). 

In order to estimate the potential for material efficiency we look into a couple of examples:  

• Iron and steel recycling: The energy efficiency for iron and steel production is influenced 

by the technologies used and the amount of scrap input. The energy intensity for recycled 

steel is around 70-75% lower than the energy intensity for primary steel. The most energy 

intensive part of steel making is the reduction of iron oxide. The higher the share of iron 

in total steel production (i.e. the lower the share of scrap input used) the higher the 

specific energy consumption. In 2005, 35% of all crude steel production is derived from 

scrap (IEA, 2006). The potential for recycling steel depends on the availability of scrap. 

Neelis and Patel (2006) estimate that the potential for the share of scrap in total steel 

production can be between 60-70% by 2100. Based on 70% lower energy intensity for 

recycled steel and 50% steel recycling in 2050 (average of 35% in 2005 and 65% in 

2100), this results in 14% savings due to steel recycling in 2050. 

• Aluminium recycling: The production of primary aluminium from alumina (made out of 

bauxite) is an energy-intensive process. Secondary aluminium, produced out of recycled 

scrap uses only 5% of the energy demand for primary production because it involves 

remelting of the metal instead of the electrochemical reduction process (Phylipsen, 2000). 

Around 16 million tonnes of aluminium was recycled in 2006 worldwide, which fulfilled 

around 33% of the global demand for aluminium (46 million tonnes) (World Aluminium, 

2008). Of the total amount of recycled aluminium, approximately 17% comes from 

packaging, 38% from transport, 32% from building and 13% from other products. 

Recycling rates of aluminium can be further increased. E.g. in Sweden, 92% of 

aluminium cans are recycled and in Switzerland 88%, while the European average is only 

40% (European Aluminium Association, 2008). The recycling rates for building and 

transport applications also show a wide range from 60 to 90% in various countries. If the 

recycling rate of aluminium can be increased from 33% to 50% of aluminium production 

in 2050  this would lead to energy savings of 22% in 2050. 

• Cement production – reduce clinker content: The energy use per tonne cement ranges 

from 1.2 to 5 GJ/tonne cement and depends largely on the share of clinker in cement 

production (ENCI, 2002). Substantial energy savings can be obtained by reducing the 

amount of clinker required. One option to reduce clinker use is by substituting clinker by 

industrial by-products such as coal fly ash, blast furnace slag or pozzolanic materials (e.g. 
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volcanic material). The relative importance of additive use can be expressed by the 

clinker to cement ratio. The clinker to cement ratio for current cement production ranges 

from 25-99% and the average clinker to cement ratio equals 80% (ENCI, 2002). If this 

ratio would be reduced to 50% this corresponds to an energy savings potential of 35%, 

assuming sufficient substitution material is available. 

• Material efficiency of plastics production: Worrell et al. (1995) estimate a technical 

potential for material efficiency in (virgin) plastics production of 31%, of which 45% can 

be achieved by efficient product design, 35% by recycling, 12% by good housekeeping 

and 8% by material substitution. Hekkert et al. (1998) indicate that it is possible to reduce 

CO2 emissions related to packaging in Europe by more than 50% in the period 2000-2020 

by lighter packaging, reusable packaging, material substitution and the use of recycled 

material. 

The examples above identify three important ways of improving material efficiency: (1) 

increased recycling (iron and steel, aluminium and plastics show a potential of 14%, 22% and 

11%, respectively), (2) efficient product design (this could increase energy efficiency of 

plastics production by 15%) and (3) Material substitution (e.g. replacing clinker in cement 

could reduce energy use by 35% and 2% for plastics production). The potential per industrial 

subsector differs. For the total potential for material efficiency in industry in 2050 we assume 

30% of which efficient design is estimated to have a technical potential of ~15%, recycling of 

~10% and other measures of ~5% (e.g. material substitution).  

Together with the implementation of best practice technologies and emerging technologies 

this leads to a savings potential of 62% in 2050, which corresponds to 2.4% per year in the 

period 2010-2050. Since we assume that 1% energy-efficiency improvement occurs in the 

baseline, based on historical development of energy-efficiency improvement (Blok (2005) and 

Odyssee (2005)), this means that ~1.4% per year energy-efficiency improvement can be 

achieved additional to the baseline. 

 

Summary  

For all regions the same savings potential is assumed for industry of 1.4% per year in 

comparison to the reference scenario. Figure 12 shows the resulting energy demand in the 

technical potential scenario and in the reference scenario by world region. 
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F igure  12:  Energy  demand in  indus t ry  in  re ference  scenar io  and  technica l  po ten t ia l  

scenar io  (EJ)  

 

Buildings and others 

Energy consumed in buildings (including agriculture) represents approximately 40% of global 

final energy consumption. The share of residential buildings is largest and accounts for 50-

80% of energy demand in buildings (depending on region), followed by commercial buildings 

(10-50%) and agriculture (1-10%). The potential for energy efficiency improvement is 

calculated per type of energy use: fuel and heat use (space heating, cooking, hot water use) 

and electricity consumption (lighting, standby power, cold appliances, other appliances and 

air conditioning).  

 

Fuel and heat use  

Fuel and heat use account for 75% of final energy demand in buildings (and 52% in primary 

energy demand). Fuel and heat is mainly used for hot water production, cooking and for space 

heating. Space heating accounts for the largest share of fuel and heat use, around 80% 

globally, followed by hot water production (15%) and cooking (5%) (Bertoldi & Atanasiu 

2006, IEA 2006, and WBCSD 2005). 

An indicator for the energy efficiency of space heating is the energy demand per m2 floor area 

per heating degree day (HDD). Heating degree days is the number of degrees that a day's 

average temperature is below 18o Celsius, the temperature below which buildings are usually 

heated. Typical current heating demand for dwellings is 50-110 kJ/m2/HDD (based on IEA, 

2007c), while dwellings with a low energy use consume below 32 kJ/m2/HDD10. 

                                                
10 This is based on a number of zero-energy dwelling in the Netherlands and Germany, consuming 400-500 m3 natural gas per year, with a 
floor surface between 120 and 150 m2. This results in 0.1 GJ/m2/yr and is converted by 3100 heating degree days to 32 kJ/m2/HDD. 
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Technologies to limit energy demand of new dwellings are (WBCSD 2005, IEA 2006, Joosen 

et al. 2002): 

 Triple-glazed windows with low-emittance coatings, which reduce heat loss to 40% 

compared to windows with one layer. The low-emittance coating prevents energy 

waves in sunlight coming in and thereby reduces cooling need. 

 Insulation of roofs, walls, floors and basement. Proper insulation reduces heating and 

cooling demand by 50% in comparison to average energy demand. 

 Passive solar energy, which makes use of the supply of solar energy by means of 

building design (building's site and window orientation). The term "passive" indicates 

that no mechanical equipment is used. All solar gains are brought in through windows. 

 Balanced ventilation with heat recovery. Heated indoor air passes to a heat recovery 

unit and is used to heat incoming outdoor air. 

Current specific space heating demands in dwellings in OECD countries are given in Table 6. 

An explanation for the difference could be a difference in comfort level. For the technical 

potentials we assume that no change in the comfort level in comparison to the reference 

scenario. 

Table  6 :  Space  hea t ing  demands  in  OECD dwel l ings  in  2004 ( IEA,  2007c) :  

Region Specific space heating 

(kJ/m2/HDD) 

OECD Europe  113 

OECD North America  78 

OECD Pacific  52 

 

For the technical potential, it is assumed that starting in 2010, all new dwellings can be low-

energy dwellings using 32 kJ/m2/HDD for OECD regions. For Transition Economies we 

assume the average of OECD savings potential. For non-OECD countries no data is available. 

Therefore the potentials for space heating in non-OECD countries are based on Ürge-Vorsatz 

& Novikova (2008). They estimate a total energy efficiency improvement potential of 1.4% 

per year for the period 2005-2030 for developing regions for both new dwellings and for 

improving energy efficiency in existing houses (‘retrofitting’). Here we assume that this 

improvement rate can be achieved for the period 2010-2050. 

For existing houses in OECD countries, the potential for efficiency improvement by 

retrofitting is based on IEA (2006). Important retrofit options are more efficient windows and 

insulation. According to IEA (2006), the former can save 39% of space heating energy 

demand of current buildings, while the latter can save 32% of space heating or cooling energy 

demand. IEA (2006) reports that average energy consumption in current buildings in Europe 

can decrease by more than 50%. Here 50% is used as the technical potential for OECD 

Europe in 2050. For the other OECD regions the same relative reduction in comparison to 

OECD Europe is assumed as for new buildings, to take into account current average 

efficiency of dwellings in the regions. This means that potential savings in existing buildings 

in OECD North America amount to 41% and in OECD Pacific to 27%. 
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To calculate overall potentials for space heating demand in dwellings in OECD countries and 

Transition Economies, the share of buildings built after 2010 in total dwelling stock in 2050 is 

estimated. The UNECE database (UNECE, 2008) contains data on total dwelling stock, 

dwelling stock increase (new construction) and population. It is assumed that the total 

dwelling stock grows along with population. The number of existing dwellings decreases 

every year due to a certain replacement. On average this is about 1.3% of total dwelling stock 

per year, meaning 40% replacement in 40 years (this is equivalent to an average house 

lifetime of 100 years). Table 7 gives the share of new dwellings in the total dwelling stock per 

region. The low growth rate for new dwellings in OECD Pacific is due to a decrease of 

population by 11% from 200 million in 2005 to 178 million in 2050. OECD North America 

on the other hand has a population growth of 32% from 436 million in 2005 to 577 million in 

2050. 

Table  7:  Forecas ted  share  of  new dwel l ings  (of  share  of  dwel l ing  s tock)  in  2050 

Region Existing 

buildings 

New dwellings due to 

replacement of old buildings as 

share of total dwellings in 2050 

New dwellings due to 

population growth as share of 

total in 2050 

OECD Europe 52% 41% 7% 

OECD North America 36% 29% 35% 

OECD Pacific 55% 44% 1% 

Transition Economies 55% 45% 0% 

 

Total savings for space heating energy demand are calculated by multiplying the savings 

potentials for new and existing houses with the forecasted share of dwellings in 2050 to get a 

weighted reduction percentage (see Table 8).  

Table  8:  Speci f ic  space  heat ing  demand (kJ/m2/HDD) in  dwel l ings  (% share  in  to ta l  

dwel l ings  in  2050)  

 Average 

dwellings in 

2004 

New 

dwellings (> 

2010) 

Retrofitted 

dwellings 

in 2050 

Average 

dwelling in 

2050 

Energy efficiency 

improvement in 2050 in 

comparison to 2004 

OECD Europe 113 35 (48%) 57 (52%) 46 59% 

OECD North America 78 35 (64%) 47 (36%) 39 50% 

OECD Pacific 52 35 (45%) 38 (55%) 37 29% 

Transition Economies 81 (assumption, 

average OECD) 

35 (45%) 49 (55%) 43 47% 

Other non-OECD countries NA NA NA NA 46% 

 

For space heating in buildings in the services sector the same percentual savings as for 

dwellings are assumed. Also for fuel use for hot water and cooking we assume the same 

percentual reduction as is assumed for space heating per region. This is done because no 

sources are available that give potentials for these two types of energy use. Note that the share 

of these two is small in comparison to space heating. Measures for reducing fuel use for hot 

water consumption are e.g. the use of heat recovery units to use heat from waste water, the 

use of efficient boilers and limitation of excess water flow. Hot water that goes down the 

drain carries energy with it. Heat recovery systems can capture energy to preheat cold water 

entering the water heater. A heat recovery system can recover as much as 70% of this heat 

and recycle it back for immediate use (Enviroharvest, 2008).  
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Electricity use  

The breakdown of electricity use per type of appliance is different per region. In this scenario 

a convergence is assumed for the different types of electricity demand per region in 2050. 

Based on Bertoldi & Atanasiu (2006), IEA (2006), and WBCSD (2005), the following 

breakdown for electricity use in 2050 is assumed for all regions:  

- standby (8%) 

- lighting (15%) 

- cold appliances (15%) 

- appliances (30%) 

- air conditioning (8%) 

- other (e.g. electric heating) (24%) 

 

Standby power consumption 

Standby power consumption is the "lowest power consumption which cannot be switched off 

(influenced) by the user and may persist for an indefinite time when an appliance is connected 

to the main electricity supply" (UK MTP, 2008). Standby power accounts for 20–90 W per 

home in developed nations, ranging from 4-10% of residential electricity use (Meier et al., 

2004). Globally, standby power consumption in residential electricity use is estimated to 

range from 3-12% (Meier, 2001). Efficiency recommendations of the US FEMP and Energy 

Star Label (US FEMP, 2007) assume best practice levels for all equipment of 1 W or less. A 

study by Harmelink et al. (2005) reported significant savings (up to 77%) if a standby 

standard of 1 W per appliances would be enforced. WBCSD (2005) reports a worldwide 

savings potential between 72% and 82%. For the technical potential, a savings potential of 

82% in 2050 is assumed. 

 

Lighting 

An indicator for the efficiency of lighting is the luminous efficacy (lm/W) of average lamps 

used in a region. The luminous efficacy is a ratio of the visible light energy emitted (the 

luminous flux) to the total power input to the lamp. It is measured in lumens per watt (lm/W). 

The maximum efficacy possible is 240 lm/W for white light. The current best practice is 75 

lm/W for fluorescent lights (future fluorescent lights 100 lm/W) and 115 lm/W for white 

LEDs (future LEDs 150 lm/W) (LEDS Magazine, 2007). The luminous efficacy of 

incandescent lamps is 10-17 lm/W. For the technical potential in 2050 we assume that the 

average luminous efficacy can be increased to 100 lm/W in all regions, taking into account 

that it might not be possible to use LEDs for all purposes.  

Table 9 below shows the luminous efficacy per region and the technical potential in 2050. 

This is based on Bertoldi & Atanasiu (2006) and Waide (2006), where national lighting 

consumption and CFL penetration data is presented by region. This information is combined 

with the luminous efficacy per lamp type as given above.  
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Table  9:  Average  luminous  ef f icacy  of  res ident ia l  lamps   

Region Luminous efficacy 

(lm/W) 

Technical potential for 

energy efficiency 

improvement in 205011 

% energy efficiency 

improvement per year 

OECD Europe 40 60% 2.3% 

OECD Pacific (based on Japan) 65  35% 1.1% 

OECD North America 30 70% 3.0% 

Transition Economies (TE) 20 80% 3.9% 

China 50 50% 1.7% 

Other regions (India, Rest of Developing 

Asia, Latin America, Africa, Middle East) 

2012 80% 3.9% 

Global 40 60% 2.4% 

 

Cold appliances 

Energy efficiency improvement for cold appliances is based on the situation in the EU. In 

2003, 103 TWh was consumed by household cold appliances in the EU-15 countries (15% of 

total 2004 residential end use). An average energy label A++ cold appliance uses 120 kWh 

per year, while a comparable appliance of energy label B uses on average 300 kWh per year 

(and C label 600 kWh per year) (EuroTopten, 2008). The average energy label of appliances 

sold in EU-15 countries is still label B in 2008. If only A++ appliances were sold, energy 

consumption would be 60% less. The average lifetime of a cold appliance is 15 years, 

meaning that 15 years from the introduction of only A++ labelled appliances, 60% less energy 

would be used in EU-15 countries (EuroTopten, 2008).  

European Commission (2005) estimates a savings potential for cold appliances of 3.5% per year for the period 

2003-2010. We use this energy efficiency improvement rate for the period 2010-2050. This means that for EU-

15 the average cold appliance would use 72 kWh per year in 2050.  

 

Other appliances 

WBCSD (2005) estimates a savings potential for other electric appliances of 70% in 2050. 

We use this potential in the scenario (equivalent to 3.0% per year improvement in the period 

2010-2050). Main energy consuming appliances are computers, servers and set-top boxes. For 

example: the average desktop computer uses about 120 W (the monitor 75 W and the central 

processing unit 45 W). Best practice monitors in 2008 (Best of Europe, 2008) used only 18 W 

(15 inch), which is 76% less than average. In 2010, TFT-LED monitors are available that use 

12.5 W (18 inch) (Philips, 2010). 

 

Air conditioning 

For air conditioning we assume a savings potential of 70% in 2050, based on WBCSD (2005). 

The potential takes into account that a share of conventional air conditioners is replaced by 

solar cooling and geothermal cooling and that the remaining units use refrigerant Ikon B. 

Tests with the refrigerant Ikon B show possible energy consumption reductions of 20-25% 

compared to regularly used refrigerants (US DOE EERE, 2008). Solar cooling is the use of 

solar thermal energy or solar electricity to power a cooling appliance. To drive the pumps 
                                                
11 The technical potential refers to the degree to which the luminous efficacy in lm/W can be improved if the average luminous efficacy is 
improved to 100 lm/W. 
12 For other developing regions no information is available. We assume the same luminous efficacy as for Transition Economies. 
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only 0.05 kW of electricity is needed (instead of 0.35 kW for regular air conditioning) 

(Austrian Energy Agency, 2006), this results in a savings potential of 85%. Besides efficient 

air conditioning equipment, it is as important to reduce the need for air conditioning. 

Important ways to reduce cooling demand are: insulation to prevent heat from entering the 

building, reduce the amount of inefficient appliances present in the house (such as 

incandescent lamps, old refrigerators, etc.) that give off unusable heat, use cool exterior 

finishes (such as cool roof technology (US EPA, 2007), or light-coloured paint on the walls) 

to reduce the peak cooling demand (as much as 10-15% according to ACEEE (2007)), 

improve windows and use vegetation to reduce the amount of heat that comes into the house, 

and use ventilation instead of air conditioning units.  

 

Summary  

Table 10 shows energy efficiency improvement for buildings by region. The potential for 

electricity demand reduction is estimated to be 3% per year and thereby higher than the 

potential for fuel and heat demand, which is 1.5-2% per year. The reason for this can be found 

in the longer life time of buildings (typically more than 50 years), in comparison to the 

lifetime for electric appliances (typically 5-15 years).  
 

Table  10  Technical  energy  ef f ic iency  potent ia l  for  d i f ferent  types  of  energy  uses  wi th in  

the  bui ld ings  sec tor  (% per  year  per iod  2010-2050)  

Fuel and heat 

consumption 

Electricity consumption (%/yr)   

Space heating and 

others 

Stand-

by 

Lighting Appliances Cold 

appliances 

Air-

conditio

ning 

Other / 

average 

Total 

potential 

(%/yr) 

OECD Europe 2.3% 2.3% 3.1% 2.6% 

OECD N.-Am. 1.8% 3.0% 3.2% 2.5% 

OECD Pac. 0.9% 1.0% 2.8% 2.0% 

Transition Ec. 1.6% 3.9% 3.4% 2.0% 

China  1.4% 1.7% 3.0% 2.0% 

India  1.4% 2.2% 

Rest dev. Asia 1.4% 2.0% 

Middle East  1.4% 2.2% 

Latin America  1.4% 2.2% 

Africa  1.4% 

4.2% 

3.9% 

3% 3.5% 3% 

3.4% 

1.8% 

World 1.7% 4.2% 2.4% 3% 3.5% 3% 3.1% 2.2% 

 

The overall technical potential for energy demand reduction in buildings is estimated to be 

2.2% per year, globally. Since we assume that 1% energy-efficiency improvement occurs in 

the baseline, based on historical development of energy-efficiency improvement (Blok (2005) 

and Odyssee (2005)), this means that ~1.1% per year energy-efficiency improvement can be 

achieved in addition to the baseline. Figure 13 shows the resulting development of energy 

demand in buildings in the technical potential scenario.  
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Figure  13:  Energy  demand in  bui ld ings  in  reference  scenario  and technical  po tent ia l  

scenar io  (EJ)  

 

Transformation sector 

Since power generation accounts for the largest share of losses in the transformation sector 

(70% in 2005), we look at transformation losses in power generation in detail. For the 

remaining losses we assume the same technical potential for energy-efficiency improvement 

as in industries. It mainly involves oil refining 9%, oil/gas extraction and coal mining 6%, 

distribution losses 6% and iron and steel (blast furnaces and coke ovens) 6%. 

Figure 14 shows the fuel mix for power generation by region, based on electricity output in 

2005 and 2050. In 2005, 40% of global power generation is generated by coal, 7% by oil and 

20% by natural gas. Nuclear power and hydropower correspond to 15% and 16% of power 

generation in 2005, respectively. By 2050 the fuel mix in the reference scenario is not 

expected to have changed much. By then, 70% of power is expected to be generated from 

fossil fuels, 9% by nuclear power and 21% by renewable energy sources. The fuel mix in 

2050 is based on the development of the fuel mix in the World Energy Outlook in the period 

2005-2030. For the technical potential scenario we assume that the fuel mix for power 

generation in 2050 is the same as in the reference scenario (see also section 4: Discussion of 

uncertainties).  
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Figure  14:  Fuel  mix  for  power  generat ion  based  on e lec tr ic i ty  output  (TWh)  

 

We focus primarily on the technical potential for improving the energy-efficiency of fossil-

fired power generation, because 75% of losses in power generation occur in fossil-fired power 

generation and because it is of most concern for causing climate change and pollution. 

 

The efficiency of fossil-fired power generation is calculated by the following formula:   

 

 

Where: E = Energy-efficiency of power generation, P  = Power production in region (based 

on gross output, including auxiliary electricity consumption) and I = total fuel input for 

power generation in region (in lower heating value)  

 

Currently, the global average conversion efficiency for fossil-fired power generation is 32% 

for coal, 34% for gas and 34% for oil in 2005 (IEA, 2007). The current best practice energy-

efficiency13 corresponds to 60% for gas-fired power generation, 50% for oil-fired power 

generation and 47% for coal-fired power generation (European Commission (2006), Hendriks 

et al. (2004), VGB (2004), Power Technology (2008)). Currently, a demonstration coal plant 

is being constructed in Europe with a steam temperature of 700 °C. The energy-efficiency of 

this plant is expected to be in the range of 52 to 55%. Commercial availability of the 

technology is expected after 2020 (Techwise A/S, 2003a).  

                                                
13 Net design energy-efficiency, auxiliary power consumption is excluded. 
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We assume that the lifetime of a fossil power plant is 30-40 years, based on the lifetime of 

retired plants in the World Electric Power Plants Database (Platts, 2008). This means that by 

2050 most power plants in operation today will have been replaced. We assume that by 2050 

the energy-efficiency of power plants can be 50%14 for coal-fired plants, 50% for oil-fired 

plants and 60% for natural gas-fired plants. This corresponds to an average efficiency for 

fossil-fired power generation of 53% in 2050, based on 64% coal-fired power generation, 

33% gas-fired power generation and 4% oil-fired power generation, corresponding to the 

fossil fuel mix in the reference scenario in 2050. This is an improvement potential of 38% in 

the period 2010-2050 and corresponds to 1.2% energy-efficiency improvement per year.  

The energy-efficiency improvement potential differs per region and depends on the fuel mix for fossil-fired 

power generation and the current energy-efficiency. In most regions coal and gas are the predominant source for 

fossil power generation. In the Middle East also oil is used to a large extent of power generation (40% in 2005).  

Table 11 shows the average energy efficiency for fossil-fired power generation in 2005 and in 

2050 based on realizing the technical potential. Also the energy-efficiency improvement 

potential as percentage per year is shown. 

 

Table  11:  Average  energy  ef f ic iency  foss i l - f i red  power  generat ion  in  2005 and 2050 and 

improvement  potent ia l  per  year  

 2005 2050 

Energy-efficiency 

improvement (%/y) 

2010-2050 

OECD Pacific 41% 53% 0.6% 

OECD Europe 39% 53% 0.8% 

OECD North America 38% 52% 0.8% 

Rest of developing Asia 38% 54% 0.9% 

Africa 36% 53% 1.0% 

Latin America 36% 55% 1.1% 

Middle East 32% 56% 1.4% 

China 28% 50% 1.4% 

India 28% 51% 1.5% 

Transition economies 19% 56% 2.7% 

World 33% 53% 1.2% 

 

For power generation by renewable sources and nuclear power we assume an energy-

efficiency improvement potential of 0.35% per year, which corresponds to an improvement of 

13% in the period 2010-2050. This is based on the potential for nuclear and hydro power 

generation, which produce the largest share of non-fossil power generation in the reference 

scenario. Existing older nuclear power plants have typical efficiencies of 33% whereas new 

nuclear power plants can reach efficiencies of 39% (Kloosterman, 2006). This is an energy-

efficiency improvement of 15%. We, theoretically, assume that all nuclear power plants in 

operation in 2005 will be replaced by 2050 by more efficient ones. The output of existing 

hydro power plants can be increased through retrofitting. Improvements in technology, design 

and used materials can result in increased efficiency and output, reduced losses, greater 

                                                
14 Assuming best practice for coal-fired power plants increases quite strongly in the next decade to 52-55%. 
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reliability and an extended service life. Alstrom (2002) reports an average increase of 12% in 

the output of large hydropower plants resulting from refurbishment in the USA. Based on 

these values we come to an average efficiency improvement of 13% for non-fossil power 

generation in the period 2010-2050.  

 

Summary  

Figure 15 shows the conversion efficiency for the transformation sector in 2005 and in 2050 

per region, which in 2005 equals 68% globally and in 2050 81% (assuming the same fuel mix 

as in reference scenario).   

 

Figure  15:  Convers ion  ef f ic iency  of  t ransformat ion  sec tor  (ra t io:  f inal  energy  demand /  

pr imary  energy  demand)  

 
Note that the energy efficiency improvement of power generation technologies will lead to a 
slight shift in the fuel input mix for power generation. The share of energy input in nuclear 
and hydro power plants increases somewhat in 2050 (from 12 to 15% and from 6 to 7%, 
respectively). The share of energy input in natural gas plants decreases somewhat (from 24 to 
21%), due to a higher energy efficiency improvement in gas-fired power plants than in 
nuclear and hydro plants. 
 

2 . 3  R e s u l t s   

Based on the assumptions regarding technical potentials as described in Section 2, a technical 

potential scenario is calculated. In this scenario final energy demand in 2050 is 44% below 

the level in the reference scenario; 317 EJ instead of 571 EJ, and 8% above energy demand in 
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2005, which was 293 EJ. Primary energy supply is equal to 393 EJ in 2050, which is 10% 

below energy supply in 2005; 439 EJ, and 55% lower than energy supply in the reference 

scenario in 2050; 867 EJ.  

Table 12 gives the increase or decrease of global energy demand in 2050 in comparison to 

2005 per sector. Table 17 and Table 18 in the appendix give a breakdown of energy demand 

and supply by sector and region. Note that non-energy use (e.g. feedstocks in petrochemical 

industry) is excluded. The energy savings potential for the transformation sector is based on a 

theoretical approach, where the fuel mix for energy supply is assumed to be the same as in the 

reference scenario (see also section 4: Discussion of uncertainties). 

Table  12  Energy  demand and supply  in  2005 and 2050  

Reference 

scenario 

Technical potential scenario 

Sector 

2005 

(EJ) 

2050 

(EJ) 

2050 

(EJ) 

Savings 2050 

in comparison 

to reference 

2050 (EJ) 

Savings as 

share in 

primary energy 

savings (%) 

Growth 

energy use 

in 2005/ 

2050 

Reduction in 

2050 in 

comparison 

to reference 

2050 

 Industry 88 178 103 75 16% +17% 42% 

 Transport  84 183 75 108 23% -11% 59% 

 Buildings and Agriculture  121 210 139 71 15% +15% 34% 

Total final energy demand 293 571 317 254 54% +8% 44% 

Energy losses in 

transformation/distribution: 

-savings due to reduced demand 

-savings due to efficiency improvement 

transformation sector 

146 296 7615 220 

 

132 

88 

46% 

 

28% 

19% 

-48% 75%16 

 Total primary energy supply 439 867 393 474 100% -10% 55% 

 

Energy-efficiency improvement in the transformation sector contributes to 19% of the total 

savings in primary energy supply in 2050, in comparison to reference primary energy supply. 

This shows that energy-efficiency improvement in energy supply can play a significant role in 

global energy-efficiency improvement. However, energy demand reduction should be a first 

priority since the energy demand sectors contribute to 81% of the total potential, first by 

direct energy demand reduction (54%) and second by indirect energy savings due to reduced 

energy losses in the transformation sector (28%).  

The absolute savings by energy-efficiency in the transformation sector depend on the level of 

energy demand. In this study, first energy savings for energy demand sectors are taken into 

account and then savings in the transformation sector. However if no savings are made in 

energy demand, the absolute savings in the transformation sector would be 80% higher and 

correspond to 159 EJ instead of 88 EJ.  

Figure 16 shows the level of primary energy supply per region in 2005 and in 2050, for the 

reference scenario and the technical potential scenario. For the OECD countries and the 

region transition economies the primary energy supply in 2050 is lower in the technical 

                                                
15 Results from energy-efficency improvement in demand side as well as supply side. 
16 45% excluding demand side energy-efficiency improvement. 
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potential scenario than in 2005, whereas for the developing regions the primary energy supply 

in 2050 is higher than in 2005. 

 

 

Figure  16:  Pr imary  energy  supply  (PES)  per  reg ion in  reference  scenario  and technical  

po tent ia l  scenar io  for  2005 and 2050  

 

Figure 17 shows the final energy demand and primary energy supply in the period 2005-2050 

in the reference scenario and in the technical potential scenario. 

 

 

Figure  17:  Global  energy  demand and supply  in  reference  scenario  and technical  

po tent ia l  scenar io   
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Comparison to other studies 

The potential for reducing primary energy supply by implementing technical measures for 

energy efficiency improvement was calculated here to be 55% in comparison to the reference 

scenario, leading to a total primary energy supply of 393 EJ in 2050. As a comparison, most 

scenario assessment studies aimed at keeping global temperature increase below 2 oC  (based 

on models as GET, IMAGE, IMCP and MESSAGE), have primary energy supply levels of 

400-600 EJ/yr in 2050 (Hoogwijk and Hohne, 2005). Based on this analysis these primary 

energy supply levels are technically feasible. A higher global temperature increase than 2 oC, 

in comparison to pre-industrial level, is expected to have adverse effects (see e.g. IPCC 

(2007) and Meinshausen et al. (2009).  

Table 13 gives a summary of energy demand and GDP growth in comparison to the 

Greenpeace/EREC Energy [R]evolution scenario (Krewitt et al., 2009), the IEA BLUE Map 

scenario (IEA, 2008) and the EC WETO CC scenario (European Commission, 2006b). Note 

that the energy demand projections in the Greenpeace/EREC Energy [r]evolution are partly 

based on the technical potentials as calculated in this paper. In the Energy [r]evolution study it 

is assumed that a certain percentage of the technical potentials are implemented. 

 

Table  13  Energy  demand in  scenarios  up  to  2050 (exc luding non-energy  use)  

 

Reference 

scenario 

2050 

Technical 

potential 

scenario 

Greenpeace 

/EREC (2008) 

Energy 

[R]evolution 

IEA 

BLUE 

Map 

(2008) 

EC 

WETO 

CCC 

 

Final energy demand  in 2050 (EJ) 571 317 350 431 498 

GDP growth in period 2005-2050 (%) 440% 440% 440% 430% 320% 

Energy-intensity decrease (final energy 

demand/GDP) in period 2005-2050 (%/yr) 

-Energy efficiency improvement (%/yr)17 

-Structural change (%/yr) 

1.8 

 

1.0 

0.8 

3.1 

 

2.3 

0.8 

2.9 

 

2.1 

0.8 

2.5 

 

1.7 

0.8 

1.5 

Primary energy supply in 2050 (EJ) 867 393 481 ~ 670 813 

Conversion efficiency (ratio final energy 

demand/primary energy supply) 

66% 81% 73% 64% 61% 

 
The IEA ETP BLUE MAP scenario (IEA, 2008) gives a potential of 33% of final energy 
demand that can be reduced in 2050 in comparison to baseline energy demand in 2050, by 
implementing new far-reaching energy policies. This would correspond to an implementation 
of 75% of the technical potential as calculated here. 
The difference in primary energy supply of the different scenarios is partly a result from the 
difference in conversion efficiency. The technical potential scenario and the 
Greenpeace/EREC scenario include a sharp reduction of losses in energy conversion and 
supply, while the IEA Blue Map and the EC WETO CCC scenario show a small decrease in 
conversion efficiency.  

                                                
17 Energy efficiency refers to a decrease in energy use per unit of activity (passenger km, ton product). 
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2 . 4  D i s c u s s i o n  o f  u n c e r t a i n t i e s  

The savings percentages are based on a number of different literature sources, ranging from 

sources that describe technological improvements in physical units (e.g. GJ/v.km) to relative 

improvements in a certain time period. The savings potentials in the latter are based on 

assumptions regarding stock turnover that may not be compatible to the reference scenario 

used here. Also in some cases, studies are used that give a potential for a certain region that 

may not be applicable to another region. This leads to uncertainty in the results inherent to a 

study with a time horizon of 40 years. The study therefore merely aims to show the potentially 

important role energy efficiency can play in reducing greenhouse gas emissions.  

Table 14 shows the main data concerns in this study by sector. 

 

Table  14  Areas  for  data  improvement  by  sec tor  

Sector Areas for data improvement  

Industry Global estimates were used to calculate energy efficiency potentials for industry, because 

limited regional specific data were available for this study. This could be improved by looking 

at national statistics and potential studies. 

Transport Detailed data regarding energy use in transport by region was available in IEA/SMP (2004). 

This source is however quite old and data might have changed in the meantime so more recent 

sources would be preferred. 

Buildings and others In general there is a high uncertainty in data regarding energy use in buildings due to sector 

divergence. More specifically, there was a lack of data for non-OECD countries regarding 

specific energy consumption of dwellings. Furthermore, for all regions the potential for 

services sector was assumed to be the same as for dwellings due to lack of data.  

Transformation sector For coal transformation and oil refineries the same energy efficiency potentials are assumed as 

for industries. These estimates could be improved by using specific data for these sub sectors. 

For power generation, the main focus was on fossil power generation. For renewable and 

nuclear power generation technologies few data on energy efficiency improvement was 

available. These estimates could therefore be improved. 

 

Other measures beside technical measures 

The calculations are based on technical measures, which are either already available or are 

expected to become available in the next decades. There is an additional potential to reduce 

energy demand by behavioural or organizational changes, such as a modal shift in transport 

from car to rail or different temperature/comfort setting in space heating, which is outside the 

scope of this study.  

 

Carbon Capture and Storage (CCS) 

The calculations for the supply side do not take into account the implementation of carbon 

capture and storage. The use of carbon capture and storage (CCS) at a power plant reduces the 

electric efficiency by 11-25% (Hendriks et al, 2004). Fuel input in fossil-fired power plants 

accounts for 15% of primary energy use in 2050, in the technical potential scenario. If fuel 

input increases by 11-25%, due to the capture of CO2, global primary energy use in 2050 

would increase by a maximum of 1.7-3.8%. In this case, all fossil power plants would be 

equipped with CCS.  
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Energy efficiency improvement for fossil power plants would decreases due to the application 

of CCS from 1.2% per year to 0.8% per year, in the technical potential scenario. In spite of 

the implementation of CCS there is still energy-efficiency improvement in fossil power plants 

because new best practice power plants have a significantly higher efficiency than current 

global averages. The situation per country however may be different. A country with already 

a high average fossil efficiency might decrease due to large scale CCS implementation. 

If CCS is applied to all fossil power generation in the reference scenario, the conversion 

efficiency for the transformation sector would change from 81% to 79% in 2050.  

 

Rebound effect 

The rebound effect (see e.g. Wei (2010) and Sorrell and Dimitropoulus (2008)) is not taken 

into account in this study. The savings achieved by implementing technical measures could be 

offset by higher use of energy services e.g. if costs of using a certain energy service are 

reduced the demand for it could increase. The size of the effect is uncertain. Since the energy-

efficiency improvement here does not only involve cost-effective measures but also non-cost-

effective measures, it is not expected that the rebound effect would play a large role. 

Moreover policy design can reduce the impact of the rebound effect. 

 

Fuel mix energy supply 

The fuel mix of energy supply in the technical potential scenario is assumed to be the same as 

the fuel mix in the reference scenario. The energy savings in the technical potential scenario 

however can have an impact on the fuel mix used in the energy supply sector, e.g. due to 

higher savings in electric appliances than in heating of buildings. Furthermore one would 

expect that in a case where strong energy efficiency improvement is encouraged, fuel mix 

changes from fossil fuels to other energy sources would also be stimulated. It was outside the 

scope of this study to look at fuel switches in the energy supply sector. A change in fuel mix 

could however influence energy efficiency of the transformation sector. An increase in the use 

of renewable energy sources would have a downward effect on primary energy supply, 

because in IEA statistics the conversion efficiency from primary to final energy is 100%, for 

wind, water and photovoltaics. Note that this is not the case for biomass, which has an energy 

efficiency below 100%. 

For transport, similarly, no changes in fuel mix are assumed. Some studies suggest however 

that changing to electric vehicles poses another energy efficiency improvement option. ECN 

(2009) estimates that electric cars can be 40% more efficient than gasoline or diesel cars. 

These savings are however counterbalanced by increased conversion losses in power 

generation. The potential for reducing primary energy supply by electrification of transport is 

therefore not expected to be large, unless renewable energy is used for power generation.  

 

Recent trends 

This study was based on the IEA WEO 2007 edition. In the meantime the 2009 edition is 

available. The 2009 edition has a lower global final energy demand in 2030 in comparison to 

the 2007 edition; 438 PJ in comparison to 478 PJ (including non-energy use). The difference 
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is mainly caused by lower GDP growth rates due to the recent financial and economic crisis, 

leading to a 14% lower global GDP in 2030 in comparison to the 2007 edition. This lower 

GDP level in 2030 would have an effect on the energy use and related potentials in 2050. If 

we use the lower GDP growth rates for the period 2005-2030, primary energy supply in 2050 

would be 794 EJ in the reference scenario in comparison to 867 EJ in the presented analysis. 

In the technical potential scenario primary energy supply would then reduce from 393 EJ to 

358 EJ in 2050, assuming the same energy-efficiency improvement potential of 55%. Primary 

energy supply in 2050 would then be 19% below primary energy supply in 2005. 

 

Stock turnover 

We assume that industrial sites that are currently in operation will have been replaced by 2050 

by new more efficient ones, taking into account a typical lifetime of industrial sites of 30-40 

years. However there is a trend of extending lifetime of industrial plants by retrofitting parts 

of the site and thereby increase its use to more than 40-50 years. In terms of energy-efficiency 

improvement this development is disadvantageous because the energy-efficiency gain than 

can be reached by constructing a new site, where the design specifications are not limited by 

existing plant layout, is much higher than the energy-efficiency gain that can be reached by 

retrofitting (part of) an existing site (Worrell and Biermans, 2003). The potentials as 

calculated here can therefore only be achieved when the trend to extend lifetimes of industrial 

sites is discouraged. 

 

Energy-efficiency improvement in reference scenario 

It is assumed that autonomous energy-efficiency improvement in the reference scenario is 

equal to 1% per year for industry and buildings, based on historical developments (see section 

2.1). The precise underlying assumptions in the World Energy Outlook are however 

unknown. For transport the energy-efficiency improvement is based on the IEA/SMP 

transport model, where energy-efficiency improvement is equal to 0.5% per year as global 

average. If we assume that this also applies to the buildings and industry sectors, global final 

energy demand would reduce to 268 EJ in 2050 (53% reduction in comparison to baseline) 

and primary energy supply would decrease to 332 EJ in 2050 (62% reduction in comparison 

to baseline in 2050 and 24% reduction in comparison to 2005 level). 

Combined heat and power generation (CHP) 

The potential for energy-efficiency improvement in the transformation sector is based on the 

fuel mix of the reference scenario. The option of increased use of combined heat and power 

generation to improve efficiency is not taken into account in this study. There may therefore 

be an additional potential for energy-efficiency improvement by increasing the use of 

combined heat and power generation. Combined heat and power generation can increase the 

conversion efficiency in the transformation sector and can thereby reduce primary energy 

supply further. The contribution of CHP in energy supply depends on a number of factors 

such as remaining heat demand in end use sectors (industry and buildings) and the capacity of 

installed thermal power plants in 2050. IEA (2008b) estimates that the use of CHP can 

increase from 11% of electricity generation in 2005 to 24% of electricity generation in 2030. 
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This is a growth of 3.2% per year. If we assume that this growth rate is feasible until 2050, 

CHP plants would generate 45% of power generation in 2050. As a comparison, CHP plants 

in Denmark produce currently 52% of power generation (IEA, 2008c). A share of 45% in 

power generation would means that 20% of heat demand in industry and buildings is fulfilled 

by CHP plants in 2050, assuming 40% power efficiency and 50% heat efficiency for CHP 

plants in 2050. Primary energy supply could then be further reduced by 7% in the technical 

potential scenario to 365 PJ.  

 

2 . 5  C o n c l u s i o n s   

Since greenhouse gas emissions from energy use account for around 75% of global 

greenhouse gas emissions, reducing energy use and greenhouse gas intensity of energy use is 

one of the most important targets of policies aimed at stabilizing greenhouse gas emissions. 

This study shows that energy-efficiency improvement by implementing technical measures 

can play a large role in reducing greenhouse gas emissions from energy use. Under business 

as usual conditions, global energy supply is expected to nearly double by 2050 compared to 

2005. Technical energy-efficiency measures can reduce energy supply by 2050 to 393 EJ, 

which is 55% below the reference level in 2050 (867 EJ) and 10% below the 2005 level (432 

EJ). This makes energy-efficiency improvement a key part in any greenhouse gas abatement 

strategy, to be complemented by a decrease in greenhouse gas intensity of energy supply, by 

more renewable energy use or carbon capture and storage (CCS). Reducing energy use, and 

more specifically reducing fossil fuel use, has a number of side benefits such as an increase in 

security of energy supply and a reduction of environmental concerns of fossil fuel use such as 

air pollution.  

The largest share of the savings potential is found in the energy demand sectors. Energy-

efficiency improvement of energy demand leads to direct energy savings in the sector itself 

and to indirect energy savings by reduced transmission and distribution losses, together taking 

up 81% of estimated savings. Energy savings by improved energy efficiency in the 

transmission and distribution sectors are responsible for the remaining share of 19% savings. 

Non-OECD countries show the largest growth of primary energy supply in the reference 

scenario ranging from a growth of 51% for Transition Economies to 190% for China and 

330% for India, for the period 2005-2050. OECD countries show a lower growth of 26% for 

OECD Pacific, 33% for OECD Europe and 48% for OECD North America. In most non-

OECD countries (except Transition Economies and Latin America) the energy efficiency 

improvement in the technical potential scenario is not sufficient to compensate for the growth 

in energy supply in the reference scenario. This means that even in the technical potential 

scenario primary energy supply in 2050 would grow by 13% in Africa, 23% in Middle East, 

42% in China and 77% in India. In OECD countries on the other hand energy supply would 

decrease by 43% for OECD Pacific, 32% for OECD Europe and 36% for OECD North 

America. 
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2 . 6  A c k n o w l e d g e m e n t  

This paper is based on different scenario studies for Greenpeace/EREC and UBA in 

cooperation with DLR. The views expressed in this paper do not necessarily reflect their 

views. A part of this paper was presented at the IAEE European Conference on 9 September 

2009. 
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Appendix 

Table  15  Passenger  and fre ight  t ranspor t  in  passenger  km (p-km) and in  ton  km ( t -km) 

in  2005 (IEA/SMP,  2004)  

p-km t-km 2005 

LDV 2-wheels 3-wheels Buses Minibuses Pass rail Air Medium 

trucks 

Heavy 

trucks 

Freight 

Rail 

National 

Marine 

OECD North America 6.9E+12 3.3E+10 0.0E+00 5.56E+11 4.1E+10 5.05E+10 1.5E+12 2.8E+11 2.9E+12 2.7E+12 2.8E+11 

OECD Europe 4.3E+12 2.3E+11 0.0E+00 9.05E+11 6.6E+10 3.27E+11 1.0E+12 2.0E+11 2.0E+12 2.7E+11 2.7E+11 

OECD Pacific  1.5E+12 1.5E+11 0.0E+00 6.85E+11 8.6E+10 2.56E+11 3.7E+11 1.3E+11 3.1E+11 1.6E+11 1.3E+12 

Transition Economies 1.1E+12 1.1E+11 0.0E+00 3.83E+11 1.9E+11 3.47E+11 1.4E+11 6.0E+10 2.7E+11 1.9E+12 5.0E+10 

China 4.3E+11 5.1E+11 1.5E+11 5.61E+11 6.6E+11 5.41E+11 2.0E+11 7.3E+10 2.2E+11 1.6E+12 2.5E+11 

Rest of developing Asia 4.2E+11 6.8E+11 1.4E+11 1.05E+12 7.9E+11 9.90E+10 2.5E+11 1.2E+11 6.8E+11 3.4E+10 1.2E+11 

India 2.0E+11 4.2E+11 1.1E+11 6.36E+11 4.8E+11 5.03E+11 6.6E+10 4.7E+10 2.7E+11 3.6E+11 2.6E+10 

Middle East 1.9E+11 5.1E+10 0.0E+00 2.55E+11 1.9E+11 9.03E+10 1.2E+11 1.7E+11 4.1E+11 3.3E+10 0.0E+00 

Latin America 8.6E+11 8.8E+10 0.0E+00 3.82E+11 2.9E+11 1.42E+10 2.7E+11 1.8E+11 7.1E+11 1.3E+11 7.6E+10 

Africa 3.4E+11 7.1E+10 0.0E+00 4.33E+11 5.1E+11 1.98E+10 9.8E+10 3.8E+10 1.5E+11 1.3E+11 1.4E+10 

    World Average (stock-

weighted) 

1.6E+13 2.3E+12 4.1E+11 5.84E+12 3.3E+12 2.25E+12   1.3E+12 7.9E+12 7.3E+12 2.4E+12 

 

Table  16  Passenger  and fre ight  t ranspor t  in  passenger  km (p-km) and in  ton  km ( t -km) 

in  2050 (IEA/SMP,  2004)  

p-km t-km 2050 

LDV 2-wheels 3-wheels Buses Minibuses Pass rail Air Medium 

trucks 

Heavy 

trucks 

Freight 

Rail 

National 

Marine 

OECD North America 9.7E+12 5.3E+10 0.0E+00 5.56E+11 4.1E+10 7.26E+10 4.7E+12 6.2E+11 6.3E+12 5.1E+12 5.9E+11 

OECD Europe 4.7E+12 2.5E+11 0.0E+00 9.04E+11 6.6E+10 5.43E+11 2.9E+12 3.7E+11 3.8E+12 4.5E+11 5.2E+11 

OECD Pacific  1.7E+12 1.7E+11 0.0E+00 6.84E+11 8.5E+10 4.62E+11 1.0E+12 2.9E+11 6.9E+11 2.8E+11 2.8E+12 

Transition Economies 3.0E+12 2.2E+11 0.0E+00 3.64E+11 2.0E+11 7.46E+11 1.0E+12 2.3E+11 1.1E+12 4.7E+12 1.6E+11 

China 5.3E+12 1.4E+12 1.4E+11 5.34E+11 6.9E+11 1.91E+12 1.6E+12 4.7E+11 1.4E+12 6.1E+12 1.0E+12 

Rest of developing Asia 3.0E+12 1.6E+12 1.3E+11 9.98E+11 8.2E+11 2.80E+11 1.6E+12 6.0E+11 3.4E+12 8.0E+10 4.1E+11 

India 2.1E+12 1.4E+12 9.8E+10 6.06E+11 5.0E+11 1.62E+12 5.8E+11 3.1E+11 1.8E+12 1.4E+12 1.1E+11 

Middle East 7.7E+11 1.3E+11 0.0E+00 2.42E+11 2.0E+11 2.40E+11 5.0E+11 5.0E+11 1.2E+12 7.5E+10 0.0E+00 

Latin America 3.8E+12 2.9E+11 0.0E+00 3.63E+11 3.0E+11 2.09E+10 2.2E+12 6.5E+11 2.6E+12 2.4E+11 2.3E+11 

Africa 1.8E+12 3.9E+11 0.0E+00 4.12E+11 5.3E+11 5.39E+10 7.0E+11 1.7E+11 6.9E+11 3.8E+11 4.8E+10 

    World Average (stock-

weighted) 

3.6E+13 5.9E+12 3.7E+11 5.66E+12 3.4E+12 5.95E+12 1.7E+13 4.2E+12 2.3E+13 1.9E+13 5.9E+12 

 

Table  17  Final  energy  demand and pr imary  energy  supply  by  reg ion in  2005 and 2050  

Final energy demand (FED) Primary energy supply (PES) 

Reference scenario Technical 

potential 

scenario 

Reference scenario Technical 

potential 

scenario 
 

2005 

(EJ) 

2050 

(EJ) 

2050 (EJ) 2005 

(EJ) 

2050 

(EJ) 

2050 (EJ) 

World 293 571 316 439 867 392 

OECD North America 71 107 52 106 157 67 

OECD Pacific 21 28 14 29 37 17 

OECD Europe 52 68 41 79 105 53 

Transition economies 27 42 25 42 64 29 

India 13 55 30 21 92 38 

China 43 121 68 60 174 85 

Rest of developing Asia 20 46 27 32 77 33 

Latin America 15 37 20 23 58 24 

Middle East 12 31 17 15 40 19 

Africa 18 37 24 25 51 28 
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Table  18  Final  energy  demand by  sec tor  and region in  2005 and 2050 

Industry Transport Buildings and others 

Reference scenario Technical 

potential 

scenario 

Reference scenario Technical 

potential 

scenario 

Reference scenario Technical 

potential 

scenario 
 

2005 

(EJ) 

2050 

(EJ) 

2050 (EJ) 2005 

(EJ) 

2050 

(EJ) 

2050 (EJ) 2005 (EJ) 2050 

(EJ) 

2050 (EJ) 

World 88 178 103 84 183 75 121 210 138 

OECD North America 16 21 13 31 47 17 25 39 22 

OECD Pacific 7 9 6 7 9 3 7 11 5 

OECD Europe 14 17 11 16 20 9 22 30 21 

Transition economies 9 14 9 6 10 4 12 18 13 

India 4 20 11 2 16 7 8 18 12 

China 20 52 29 5 36 16 18 33 23 

Rest of developing Asia 6 14 8 5 15 7 9 17 12 

Latin America 6 13 8 5 12 5 4 11 7 

Middle East 4 11 6 4 8 3 4 12 8 

Africa 3 6 4 3 10 4 12 21 16 
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3  Internat iona l  comparison  o f  energy-e f f i c iency     

o f  foss i l  power generat ion 18 

A b s t r a c t  

The purpose of this study is to compare the energy efficiency of fossil-fired power generation 

for Australia, China, France, Germany, India, Japan, Nordic countries (Denmark, Finland, 

Sweden and Norway aggregated), South Korea, United Kingdom and Ireland, and United 

States. Together these countries generate 65% of worldwide fossil power generation. Separate 

benchmark indicators are calculated for the energy efficiency of natural gas, oil and coal-fired 

power generation, based on weighted-average energy efficiencies. These indicators are 

aggregated to an overall benchmark for fossil-fired power generation. The weighted average 

efficiencies are 35% for coal, 45% for natural gas and 38% for oil-fired power generation. 

The Nordic countries, Japan and United Kingdom and Ireland are found to perform best in 

terms of fossil power generating efficiency and are respectively 8%, 8% and 7% above 

average in 2003. South Korea and Germany are 6% and 4% above average and the United 

States and France are 2% and 4% below average. Australia, China and India perform 7%, 9% 

and 13% below average. 

The energy savings potential and CO2 emission reduction potential if all countries produce 

electricity at the highest efficiencies observed (42% for coal, 52% for natural gas and 45% for 

oil fired power generation), corresponds to 10 EJ and 860 Mtonne CO2, respectively.  

 

                                                
18 Published in Energy Policy, Vol. 35 (2007), pp. 3936-3951. Co-authors are M. Voogt and E. Worrell. 

65



 

3 . 1  I n t r o d u c t i o n  

International comparisons of energy-efficiency can provide a benchmark against which a 

country’s performance can be measured against that of other countries. The results can be 

used to determine potential energy savings and greenhouse gas emission reduction potentials.  

Energy-efficiency analyses for power generation on a country level have been performed in 

the past, but few recent studies are available. Furthermore benchmarks for overall fossil-fired 

power generation are not available.  

This analysis aims to make a comparison of the efficiency of fossil-fired power generation 

(coal, oil and natural gas). For this purpose specific benchmark indicators are developed for 

natural gas, oil and coal-fired generation efficiencies. These indicators are aggregated to a 

benchmark for fossil-fired generation efficiency. 

The countries evaluated in this study are Australia, China19, France, Germany, India, Japan, 

Nordic countries (Denmark, Finland, Sweden and Norway aggregated), South Korea, United 

Kingdom and Ireland, and United States. Together these countries generate 65% of worldwide 

fossil power generation. 

The energy-efficiencies calculated in this analysis are based on IEA statistics. For all 

countries checks are made with available national statistics. The results of this are given in the 

appendix. In some cases IEA statistics are replaced by national statistics. 

 

This paper is structured as follows. Section 3.2 describes the used methodology. Section 3.3 

gives the fuel mix for power generation in 2003 and the development of fossil power 

generation for the period 1990-2003. Section 3.4 shows the results of the study. First the 

efficiency of coal, natural gas and oil-fired power generation is given, followed by the 

benchmark indicators for fossil-fired power generation. Section 3.5 discusses uncertainties in 

this analysis and section 3.6 gives the conclusions.  

 

3 . 2  M e t h o d o l o g y  

This section gives an overview of the methodology applied and discusses input data used for 

the study. 

 

The methodology used in this study to calculate the energy efficiency of power generation is 

based on the “Handbook of International Comparisons of Energy Efficiency in the 

Manufacturing Industry” (Phylipsen et al., 1998). Formula 1 gives the energy efficiency of 

power generation:   

 

E = (P  + H*s) / I.       (1) 
 

 

                                                
19

 Including Hong Kong 
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Where: 

E =  Energy efficiency of power generation  

P  =  Power production from public power plants and public CHP plants  

H =  Heat output from public CHP plants  

s =  0.175; Correction factor between heat and electricity, defined as the reduction in 

electricity production per unit of heat extracted 

I =  Fuel input for public power plants and public CHP plants  

 

The correction factor for heat extraction reflects the amount of electricity production lost per 

unit of heat extracted from the electricity plant(s). For district heating systems, the 

substitution factors vary between 0.15 and 0.2. Here 0.175 is used.  

 

To determine the efficiency for power production for a region, we calculate the weighted 

average efficiency of the countries included in the region. 

 

Benchmark for fossil generation efficiency 

In this analysis we compare the efficiency of fossil-fired power generation across countries and 

regions. Instead of simply aggregating the efficiencies for different fuel types to a single 

efficiency indicator, we determine separate benchmark indicators per fuel source. This is 

because the energy-efficiency for natural gas-fired power generation is generally higher than the 

energy-efficiency for coal-fired power generation, while the choices for fuel types are often 

outside the realm of the industry. Choices for fuel diversification have in the past often been 

made at the government level for strategic purposes, e.g. fuel diversification and fuel costs. 

 

A method for benchmarking energy-efficiency is the comparison of countries’ efficiencies 

against average efficiencies. This method allows to estimate the difference to the overall 

average efficiency given a country’s specific fuel mix. The average efficiency is calculated 

per fuel source and per year and is weighted by power generation output.  

 

Formula 2 gives the weighted average efficiency for coal-fired power generation (BC) is 

given below as an example: 
 

BC = ∑ (PCi + HCi *s)/ ∑ ICi       (2) 

 

Where: 

BC:  Benchmark efficiency coal. This is the weighted average efficiency of 

coal-fired power generation for the selected countries. 

PCi: Coal-fired power production for country or region i (i = 1,…n) 

HCi   Heat output for country or region i (i = 1,…n) 

s  Correction factor between heat and electricity, defined as the reduction in electricity 

production per unit of heat extracted 

ICi  Fuel input for coal-fired power plants for country or region i (i = 1,…n) 
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To determine the performance of a country relative to the benchmark efficiency we divide the 

efficiency of a country for a certain year by the benchmark efficiency in the same year. 

Formula 3 gives the indicator for the efficiency of coal-fired power is given below as an 

example: 

 

ICi = ECi / BC         (3) 
 

Where: 

ICi: Benchmark indicator of the energy-efficiency of coal-fired power generation for 

country or region i  

 

Countries that perform better than average for a certain year show numbers above 100% and 

vice versa.  

 

To come to an overall comparison for fossil-fired power efficiency we calculate the output-

weighted average of the three indicators, as is shown in formula 4: 

 

IFi = (ICi * PCi + IGi * PGi + IOi * POi) / (PCi + PGi + POi)  (4) 

 

Where: 

IFi, ICi, IGi and IOi = Benchmark indicator for the energy-efficiency of fossil-fired, coal-

fired, gas-fired and oil-fired power generation for country or region 

i  

PCi, PGi and POi =  Coal-fired, gas-fired and oil-fired power production for country or 

region i  

 

Input data 

This analysis is based on data from IEA Energy Balances edition 2005. Data in IEA Energy 

Balances is given in net calorific value (NCV)20. Please note that efficiencies based on gross 

calorific value are lower. The difference is around 10% for natural gas, 3% for coal and 7% 

for oil. Power generation in IEA data is given as gross power generation. This refers to the 

electric output of the generator. Net electricity output refers to the electric output minus 

electrical power used in a plant’s auxiliary equipment such as pumps, motors and pollution 

control devices. This means the calculated energy-efficiencies in this analysis do not refer to 

actual net electricity output. This especially influences the energy-efficiency of coal-fired 

power plants. Power used for auxiliary equipment is around 6-8% for coal-fired power plants 

and 2-3% for natural gas-fired power plants. 

 

                                                
20

 The Net Calorific Value (NCV) or Lower Heating Value (LHV) refers to the quantity of heat liberated by the complete 

combustion of a unit of fuel when the water produced is assumed to remain as a vapour and the heat is not recovered. 
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In this study we take into account public power plants and public CHP plants. Power 

generation by autoproducers is not taken into account. Worldwide the power generation of 

autoproducers accounts for 6% of total power generation in 2003. Some countries have a 

relatively high share of power generation by autoproducers, such as Finland 21%, Japan 12%, 

India 11% and United Kingdom 10%. 

 

We distinguish three types of fuel sources: coal and coal products, crude oil and petroleum 

products and natural gas. We will refer to these fuel sources as coal, oil and gas, respectively. 

 

As a check, IEA statistics are compared to available national statistics. In some cases energy 

efficiencies based on IEA statistics are replaced by energy efficiencies calculated from 

national statistics. This is done when the efficiencies based on national statistics seem more 

reliable. Information about the statistics that are used for the analysis can be found in the 

appendix. 

 

3 . 3  F u e l  m i x  a n d  p o w e r  g e n e r a t i o n  

Figure 18 and Figure 19 show the fuel mix for public electricity production in 2003 based on 

electricity output.  

 

 

F igure  18  Publ ic  power  genera t ion  by  source  in  2003 in  TWh ( IEA,  2005) 
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F igure  19  Rela t ive  publ ic  power  genera t ion  by  source  in  2003 ( IEA,  2005) 

 

The share of fossil fuels in the overall fuel mix for electricity generation is in general more 

than 50-60%. Two exceptions are France, which has a large share of nuclear power (84%), 

and the Nordic countries, which use a lot of hydropower (50%).  

 

From the fossil fuels, coal is most frequently used. The share of oil-fired power generation is 

limited; only Japan and the United States have larger amounts, in absolute sense.  

 

Figure 20, Figure 21, Figure 22 and Figure 23 show the amount of coal, gas, oil and total 

fossil-fired power generation respectively in the period 1990-2003, from public power plants 

and public CHP plants. Note that the scales of the figures are different. 
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F igure  20  Coal- f i red  power  genera t ion    

  

F igure  21  Gas- f i red  power  genera t ion21 

 

                                                
21

 Natural gas-fired power generation capacity increased in the United States from 75 GW in 1999 to 210 GW in 2003 (US 

DOE, 2006). 
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F igure  22  Oi l - f i red  power  product ion   

 

 

F igure  23  Foss i l - f i red  power  product ion 
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3 . 4  R e s u l t s  

 

Efficiency of coal, gas and oil-fired power generation 

Figure 24, Figure 25 and Figure 26 show the efficiency trend for coal, gas and oil-fired power 

production, respectively, for the period 1990-2003. Figure 27 shows the energy efficiency of 

fossil-fired power generation by the weighted-average efficiency of gas-, oil- and coal-fired 

power generation. 

 

 

F igure  24  Eff ic iency  of  coa l- f i red  power  product ion  

 

The energy efficiencies for coal-fired power generation range from 30% for India to 42% for 

Japan in 2003. The average efficiency of the countries is 37% and the weighted average 

efficiency is 35% in 2003. 

 

73

International comparison of energy-efficiency of fossil power generation



 

 

F igure  25  Eff ic iency  of  gas- f i red  power  product ion   

 

For gas-fired power generation the efficiencies range from 39% for Australia to 52% for India 

in 2003. The average efficiency for gas is 46% and the weighted average efficiency is 45% in 

2003. 

 

 

F igure  26  Eff ic iency  of  o i l - f i red  power  product ion   

 

74

Chapter 3



For oil-fired power generation the efficiencies range from 30% for India to 45% for Japan in 

2003. The average efficiency for oil is 37% and the weighted average efficiency is 38% in 

2003. 

 

 

F igure  27  Weighted  average  ef f ic iency  of  foss i l - f i red  power  product ion  

 

For overall fossil-fired generation, the efficiencies range from 32% for India to 43% for 

United Kingdom and Ireland and Japan in 2003. Below we discuss the results by country. 

 

Australia 

Total fossil-fired power generation in Australia is 198 TWh in 2003, of which 90% is generated from 

coal.  

The energy-efficiency for coal-fired power generation is fairly constant in the period 1990-

2003, at 35%. 

The energy-efficiency of gas-fired power generation shows a strong peak in 2000 of 52%, 

possibly due to data unreliability. The energy-efficiency in 2003 is 39%. Gas-fired power 

generation is 21 TWh in 2003. 

Oil-fired power generation in Australia is very low, only 1 TWh in 2003. 
China 

China is the second largest fossil-fired power generator of the included countries and 

generates 1588 TWh in 2003, of which 97% is generated by coal.   

The energy efficiency of coal-fired power generation increased from 31% in 1998 to 33% in 

2002. Coal-based electricity production increases strongly from 898 TWh in 1998 to 1533 

TWh in 2003.  

Figure 25 shows an increase of efficiency of gas-fired power generation for China from 35% 

in the period 1990-1995 to 44% in 2003. This is a substantial increase in energy efficiency. 
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Gas-fired power generation increased from 3 TWh in the period 1990-1995 to 13 TWh in 

2003. In 1996 the first units of a 2,500 MW Combined Cycle Gas Turbine (CCGT) power 

plant came online in Hong Kong, all units of the plant were completed in 2004 (Power 

Technology, 2004).  

Oil-fired power generation is 41 TWh in 2003. The energy-efficiency of oil-fired power 

generation is constant in the period 1990-2003, at 34%.  

 

France 

Fossil-fired power generation in France is fairly small, only 31 TWh in 2003. This is mainly generated 

by coal. There is no gas-fired power generation by public power plants in France, according to IEA 

statistics. Oil-fired power generation is only 4 TWh. 

The energy-efficiency for coal-fired power plants in France ranges from 35% to 40%. Coal-

fired power generation in France shows strong fluctuations year by year ranging from 15 to 31 

TWh. This means that the capacity factor of coal-fired power plants varies strongly which 

generally reduces energy efficiency.  
 

Germany  

Fossil-fired power generation in Germany is 340 TWh in 2003, of which 87% is produced 

from coal.  

After the reunification of West and East Germany several lignite power plants were closed. 

This led to a higher efficiency of coal-fired power generation, from 34% in 1990 to 39% in 

2003. The IEA statistics show a 7% lower share of lignite-based power production in 1990 

than in the year before. In the period 1990 to 2000, the production of lignite-based electricity 

decreased by 14%. Hard coal-based power production increased by 25% between 1989 and 

2000. 

In the mid-'90s the natural gas market was liberalised in Germany, leading to more 

competition and lower gas prices. This resulted in more gas use and a large increase of CHP 

capacity. This has resulted in a strong increase of efficiency of gas-based power generation 

from 29% in 1994 to 42% in 2003, as shown in Figure 25. Gas-fired power generation 

increased from 22 TWh in 1994 to 42 TWh in 2003. 

Oil-fired power generation in Germany is very small, only 3 TWh in 2003. 

 
India 

Fossil-fired power generation in India is 468 TWh in 2003, of which 84% is produced from 

coal. Total coal-fired capacity in India, excluding auto-producers, is 62 GW in 2002 (TERI, 

2004).  

The energy efficiency for coal-fired power generation is low, 30%. Some reasons for this may 

be that the coal is unwashed, has a high ash content of 30-55%, and coal-fired capacity is used 

for peak load power generation as well as base load power generation (IEA, 2003b).  

The energy efficiency for gas-fired power generation is high, 52% in 2003. Gas-fired capacity 

in India is about 11 GW in 2002 (TERI, 2004). Gas-fired power plants in India are fairly new 

and all built in the last 15 years. Gas-fired power generation increased from 1990 to 2003 

76

Chapter 3



from 8 TWh to 58 TWh. Many gas-fired power plants in India use CCGT technology (IEA, 

2003b). 

 
Japan 

Japan is the third largest fossil-fired power producer of the included countries with 578 TWh in 2003. 

Of this amount, 244 TWh is generated by gas, 243 TWh by coal and 91 TWh by oil.  

Figure 20 shows an increase of coal-fired power generation in Japan from 97 TWh in 1990 to 

243 TWh in 2003. The energy efficiency increases in this period from 39% in 1990 to 42% in 

2003. 

Figure 25 shows an increase of gas-fired generating efficiency in Japan from 42% in 1990 to 

44% in 2003. Gas-based electricity generation increased in this period from 161 TWh to 244 

TWh, as shown in Figure 21. Out of a total natural gas capacity in 2000 of 56 GW, 20 GW 

uses CCGT. The remaining 35 GW capacity is based on conventional steam turbines. Of the 

latter, 12 GW is dual fuel turbines which use both gas and oil as fuel input. [IEA, 2003a] 

The Japanese Central Research Institute of the Electric Power Industry (CRIEPI) mentions 

the followings reason for the share of conventional steam turbines in gas-fired power plants 

in Japan. Japanese general electric utilities started to implement gas-fired power plants in 

response to the oil crises of the 1970s. In those times gas turbines were not implemented yet 

on a large scale. As a result, utilities implemented conventional steam turbines. In the 1990s 

however, utilities implemented combined cycle power plants. Furthermore, utilities will 

implement More Advanced Combined Cycle (MACC) with 59% (LHV) thermal efficiency, 

among the world's highest. The first MACC is expected to be online by July 2007. 

Oil-fired power generation in Japan decreases from 208 TWh in 1990 to 91 TWh in 2003. 

The energy–efficiency increases in this period from 42% to 45%. 

 
Nordic countries 

Total fossil-fired power generation in the Nordic countries is 80 TWh in 2003. Sweden and 

Norway both have limited fossil power capacity, and generate together only 7 TWh in 2003.  

Coal-fired power generation in Finland, Denmark, Sweden and Norway was respectively 26, 

25, 4 and 0.1 TWh in 2003. The energy efficiency for coal-fired power generation of Nordic 

countries ranges from 40% to 42% in the period 1990-2003. 

Gas-fired power generation is only significant in Denmark and Finland, which produce 

respectively 8 and 12 TWh in 2003. Norway has no gas-fired power generation and Sweden 

generates only 0.4 TWh in 2003. The energy efficiency of gas-fired power generation is 46% 

in 2003 for the Nordic countries. Oil-fired power generation is very small, only 2 TWh in 

Denmark and 2 TWh in Sweden in 2003.  

 

South Korea  

Total fossil-fired power generation in South Korea is 182 TWh in 2003, of which 120 TWh is 

generated by coal, 40 TWh by gas and 22 TWh by oil.  

77

International comparison of energy-efficiency of fossil power generation



 

The energy-efficiency for coal-fired power generation increases strongly from 26% in 1990 to 

38% in 2003. Coal-fired power generation increases tenfold in this period from 12 to 120 

TWh. 

The energy-efficiency of gas-fired power generation increases from 41% to 51% in the period 

1990-2003. Gas-fired power generation increases in this period from 10 to 40 TWh. 

The energy-efficiency of oil-fired power generation increases from 38% in 1990 to 44% in 

2003. Oil-fired power generation increases from 19 in 1990 to 42 TWh in 1995. After that oil-

fired power generation decreases to 22 TWh in 2003. 

 
United Kingdom and Ireland 

Total fossil-fired power generation in the United Kingdom and Ireland is 287 TWh in 2003, of which 

142 TWh is generated from coal, 140 TWh from gas and 5 TWh from oil.  

Due to the liberalisation of the electricity market in the early '90s several less efficient coal-

fired power plants were closed in the UK, leading to a higher average efficiency of coal-fired 

power plants. In the following years (1996/1997), lower production of coal-based electricity 

was achieved by reducing the load factor of coal-fired power plants, resulting in a decrease of 

the average efficiency of coal-fired power plants. The energy-efficiency for coal-fired power 

plants in UK + Ireland is 38% in 2003. 

As gas prices decreased, gas-fired power generation capacity increased significantly from 

1992 onwards. The large addition of new capacity has resulted in a strong increase of the 

average efficiency of gas-fired power plants, from 40% in 1990 to 51% in 2003. Gas-fired 

power generation increased from 4 TWh in 1990 to 140 TWh in 2003. 

Oil-fired power generation is very low, only 5 TWh in 2003. 

 
United States 

The United States is the largest fossil-fired power generator of the included countries and 

generates 2764 TWh in 2003, of which 75% is generated by coal.   

The energy-efficiency of coal-fired power generation remains fairly constant in the period 

1990-2003, and is around 36%.  

The energy-efficiency of gas-fired power generation increases from 37% in 1990 to 42% in 

2003. Electricity generation by gas-fired power plants increases strongly in this period from 

283 TWh to 627 TWh. 

Oil-fired power generation is 121 TWh in 2003. The energy-efficiency of oil-fired power 

generation is 36%. 

 

Benchmark based on weighted-average efficiency  

Table 19 shows the weighted average efficiencies for all countries and regions considered in 

this study.  
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Table  19  Weighted  average  ef f ic ienc ies  of  a l l  countr ies  and  reg ions  cons idered   

Weighted 

average 

efficiency 

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 

Coal 34.7% 34.9% 34.8% 34.8% 34.9% 34.6% 34.6% 34.3% 34.3% 34.8% 35.0% 34.9% 34.9% 35.2% 

Gas 38.0% 38.4% 38.5% 39.0% 39.7% 40.5% 41.0% 41.5% 41.9% 42.6% 42.3% 43.1% 43.8% 44.6% 

Oil 38.4% 38.5% 38.9% 38.4% 39.1% 38.6% 39.0% 38.5% 37.8% 38.1% 38.5% 37.9% 38.4% 38.3% 

Figure 28, Figure 29 and Figure 30 show the deviation of the energy-efficiencies for 

respectively coal-, gas- and oil-fired power production from the yearly weighted average 

efficiency, in terms of percentage.  

 

Note that a decrease of the benchmark indicator for a country might mean that the efficiency 

of the country has decreased or that the weighted average efficiency has increased. 

 

 

Figure  28  Coal- f i red  ef f ic iency  re la t ive  to  weighted  average  ef f ic iency  

 

F igure  29  Gas- f i red  ef f ic iency  re la t ive  to  weighted  average ef f ic iency  
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F igure  30  Oi l - f i red  ef f ic iency  re la t ive  to  weighted  average  ef f ic iency  

 

Figure 31 shows the benchmark indicator for the energy efficiency of fossil-fired power 

production.  

 

F igure  31  Benchmark  for  energy-ef f ic iency  of  foss i l - f i red  power  product ion  (based  on  

weighted  average  ef f ic ienc ies)    

 

3 . 5  D i s c u s s i o n  o f  u n c e r t a i n t i e s  

Uncertainties in the analysis arise in the first place from the input data regarding power 

generation, heat output and fuel input. This uncertainty is reduced by checking IEA statistics 

with national statistics. Still problems can occur both in national and IEA statistics, resulting 

e.g. from estimates made by bureaus of statistic to calculate e.g. fuel input from power plants. 
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In some cases fuel inputs are back calculated from assumed energy-efficiencies. For follow-

up research checks can be made with assistance of national experts to determine structural 

errors and inconsistencies in statistics.  

A second source of uncertainty is the assumed energy-efficiency loss resulting from heat 

generation. In this study a factor of 0.175 is used. This may be different when heat is 

delivered at high temperatures (e.g. to industrial processes). We estimate that the effect on the 

average efficiency is not more than an increase of 0.5 percent-point. 

A third source of uncertainty arises from structural factors that are not taken into account in 

the analysis. For instance, a higher ambient temperature leads to a slightly lower efficiency 

(0.1-0.2%/ °C). Surface water cooling leads to slightly higher efficiencies than the use of 

cooling towers. The effect of cooling method on efficiency may be up to 1-2%. 

 

3 . 6  C o n c l u s i o n   

The energy-efficiency for fossil-fired power generation of the included companies shows a 

spread of 10% below to 12% above average efficiency. The results from the benchmark based 

on weighted average efficiencies shows that, the Nordic countries, United Kingdom and 

Ireland, and Japan, perform best in terms of fossil-fired generating efficiency and are 

respectively 12%, 11% and 10% above average in 2003. South Korea and Germany are 9% 

and 8% above average efficiency in 2003 and the United States and France are 1% above and 

1% below average, respectively. Australia, China and India perform 3%, 6% and 10% below 

average in 2003. 

 

Figure 32 and Figure 33 show the energy savings potential and corresponding CO2 emission 

reduction potential if all countries produce electricity at the highest efficiencies observed for 

the included countries (42% for coal, 52% for gas and 45% for oil fired power generation). 

These graphs show that there is a large potential for CO2 emission reduction in the power 

sector by energy-efficiency improvement; in total 860 Mtonne CO2 for the included countries. 

These countries generate 65% of worldwide fossil power generation. The potential for 

emission reduction is higher when looking at best practice efficiencies for new power plant 

which are 47% for conventional coal-fired power plants (ultra-supercritical units) and 60% for 

natural gas-fired combined cycle plants (Hendriks et al, 2004). When looking at these best 

practice efficiencies the emission reduction potential for these countries is in total 1400 

Mtonne CO2. 
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F igure  32  Energy  sav ings  poten t ia l  wi th  h ighes t  e f f ic ienc ies  inc luded  countr ies  

 

 
F igure  33  CO 2  sav ings  poten t ia l  wi th  h ighes t  e f f ic ienc ies  inc luded  countr ies  
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A p p e n d i x  

Below, energy efficiencies based on IEA Energy Balances 2005 are compared to energy 

efficiencies calculated by available national statistics. We only mention differences between 

statistics if they are larger than 1%.  
 

Australia 

For Australia, energy statistics are available from the Australian Bureau of Agriculture and 

Resource Economics (ABARE, 2006)26. These statistics give details about the input and gross 

output for total fossil-fired power generation by source for the year 2003/2004.  

The efficiency for coal and gas-fired power generation in 2003 by IEA (2005a) is found to be 

close to the efficiency from ABARE (2006) for 2003/2004. For oil-fired power generation the 

efficiency was found to be different, 34.7% by IEA and 36.1% by ABARE. Oil-fired power 

generation is however very small; only 0.4% of total public power generation. We will use 

IEA data for the energy efficiency of oil-fired power generation. 
 

China 

For China, the energy efficiency of fossil-fired power generation is checked by the China 

Energy Databook (LBNL, 2004) for the period 1990-2002.  

For the years 1997-2002 the energy efficiency is found to be the same as the energy efficiency 

calculated by IEA (2005a). When looking in detail at the statistics from LBNL, it is found that 

the data for fossil-fired electricity generation and fuel input is different for the period 1990-

1996. IEA reports ~3 percent point higher fossil-fired electricity generation than LBNL 

(2004). For instance for 1996, the efficiency for fossil power generation based on IEA 

(2005a), is 32% while the efficiency based on LBNL (2004) is 29%. For 2002, the energy 

efficiency is 33% according to both sources. 

We decide to use IEA data for the whole period, because no data is available from LBNL 

(2004) on the electricity generation by fuel source. Only the total fossil-fired power 

generation is available.  

 

France 

Fossil-fired power generating capacity is very small in France. No detailed energy statistics 

could be found to calculate energy efficiency. Data on electricity production from fossil-fuel 

sources is available from INSEE (2005), but this data includes electricity generation from 

auto-producers. Total thermal power generation in 2002 is 50.3 TWh by INSEE in 

comparison to 27.6 TWh for public power generation given by IEA. 

 

A calculation based on European Commission (2003) gives an energy efficiency for fossil-

fired power generation in France of 37.9% for 2000 in comparison to 37.1% by IEA (2005a). 

                                                
26

 Conversion factors used for converting from gross calorific value (GCV) to net calorific value (NCV) are 0.9 for natural 

gas, 0.93 for oil and 0.97 for coal. 
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No other detailed energy statistics were available for France, for this study, to look further 

into this. 

Germany 

For Germany we looked at the Energiebilanz 2005 from Arbeitsgemeinschaft Energiebilanzen 

(2005). Table 20 shows the results for the energy efficiency for fossil-fired power generation 

calculated by IEA (2005a) and by the Energiebilanz 2005. The data from Arbeitsgemeinschaft 

Energiebilanzen refer to total electricity generation, including electricity generation by auto-

producers. The IEA data refer to public power generation. Public power generation is 93% of 

total power generation in Germany in 2003 (IEA, 2005). 
 

Table  20  Energy  ef f ic iency  foss i l - f i red  power  genera t ion  (%) 

 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 

IEA (2004) 33.6 34.0 34.5 34.6 34.7 36.3 35.2 35.4 37.9 37.6 38.6 37.8 37.0 39.3 

Energiebilanz 

200427 

35.8 36.2 36.5 36.7 36.7 37.1 37.8 38.0 38.6 38.4 38.9 39.0 38.8 39.6 

 

The difference in energy efficiency may be caused by the fact that the fuel input data in 

Energiebilanz only includes fuel consumption for electricity generation and not for heat 

generation. Total fuel consumption of public CHP plants in Germany is 15% of total fuel 

consumption by fossil-fired public power plants in 2003 (IEA, 2005). This could explain the 

fact that the energy-efficiency found in the Energiebilanz is generally higher than the IEA 

values. Since no other detailed energy statistics are available for Germany for this study, we 

will use IEA (2005a) for Germany. 

 

India 

For India energy statistics are available from the Ministry of Statistics and Programme 

Implementation (MOSPI, 2006). After comparing these statistics to IEA statistics we noticed 

that thermal power generation in both sources is the same. The oil input in thermal power 

plants was also found to be the same28. For coal input a difference was found of 10%-12% 

higher coal input in IEA statistics for the period 1990-2003. We found that the reason for this 

could be different conversion factors to convert from tonne coal to energy. IEA uses e.g. a 

conversion factor of 18 GJ/tonne coal for India for 2003, while MOSPI uses a conversion 

factor of 16.6 GJ/tonne coal based on GCV for 2003 (16.1 GJ/tonne based on NCV, with 0.97 

conversion from GCV to NCV). This explains the difference in higher coal input in IEA 

statistics. TERI (2004) gives even lower values for coal input for power generation than 

MOSPI (2006); 4.3 PJ versus 4.5 PJ in 2001. IEA gives 5.0 PJ for 2001. In this analysis we 

will use the fuel input data for coal (corrected to NCV) from MOSPI (2006) to calculate the 

energy efficiency for coal-fired power generation. 

 

                                                
27

 The efficiency calculated by Energiebilanz is not corrected for heat generation because in these statistics fuel consumption 

for heat generation is not included in the fuel input data. 
28

 Calculation is based on 42.7 MJ/kg for diesel oil and 41 MJ/kg for heavy fuel oil 
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Table 21 shows the energy efficiency of coal-fired power generation based on IEA and the 

energy-efficiency based on fuel input for coal from MOSPI (2006).  

Table  21  Energy  ef f ic iency  of  coa l- f i red  power  genera t ion  (%) 

 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 

IEA (2005a) 26.6 26.6 26.3 25.3 25.6 25.6 25.6 25.7 25.8 26.8 26.8 

Fuel input coal 

from MOSPI 

(2006) 

29.4 29.4 29.0 27.6 29.1 28.8 28.8 28.8 28.8 30.3 30.4 

 

For oil- and gas-fired power generation we just use the values from IEA statistics. Natural gas 

consumption for power generation is not available in MOSPI (2006).  
 

Japan 

For Japan, the efficiency of fossil-fired power generation is calculated for the period 1990-

2003 by METI (2004)29. Some slight differences are present between the calculations based 

on IEA (2005a) and METI (2004), but these differences are below 1%.  

 

When comparing energy efficiency by fuel source it was found that there are differences in 

power generation by fuel source between the two data sources coal-, gas- and oil-fired power 

generation by METI (2004) in 2003 is respectively, 212, 273 and 84 TWh. IEA (2005a) gives 

243, 244 and 91 TWh, respectively for 2003. 

A reason for this difference may be a difference in the methodology for distributing power 

generation in case of dual fuel power generation. METI (2004) provides data on electricity 

generation by plant. In IEA data electricity generation is split up by fuel source. This can lead 

to different results if e.g. a gas-fired power plant or unit consumes oil products or coal 

products (e.g. coke oven gas or blast furnace gas) as well as natural gas. The electricity 

generation can then be divided into coal-, gas- and oil-fired power generation or can be 

entirely included in natural gas-fired power generation. 

 

A comparison of fuel input data from METI and IEA shows that for natural gas the fuel input 

data is nearly the same. For coal-fired power generation IEA reports a slightly higher value 

for fuel input (1-2%). This is compensated by a lower fuel input for oil-fired power generation 

(~2%).  

 

The difference in power generation leads to a difference in energy efficiency by fuel source. 

The energy efficiency of coal-, gas- and oil-fired power generation calculated by METI 

(2004) is around 40-41%, 46-47% and 39%, respectively, based on a plant level. The 

efficiencies based on IEA (2004) are respectively 41.9%, 44.2% and 45.3% for the year 2002.  

 

                                                
29

 Statistics are based on data for public power generation with the exception of specified-scale electricity suppliers; named 

Power Producers and Suppliers (PPS). These PPS generate less than 1% of total public power generation. Data is converted 

from GCV to NCV by conversion factors from RIETI (2005). 
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Because overall fossil-fired power generation efficiency calculated by METI (2004) and IEA 

(2005a) is similar for all years, no changes are made to the data for Japan.  

In this way the data are most comparable to the data for the other countries, because they are 

based on the same methodology. 
 

Nordic countries 

For the Nordic countries we compared IEA statistics to national statistics for Denmark and 

Finland since these countries together generate 87% of the total fossil-fired power generation 

of the Nordic countries in 2002. For Sweden and Norway we will use IEA statistics. 

 

For Denmark, energy statistics are available from the Danish Energy Authority (2005). These 

statistics give details about total fossil-fired power generation for the period 1990-2004. The 

efficiency for fossil-fired power plants is for most years equal to the efficiency based on IEA 

(2005a). Some slight differences can be caused by the fact that biomass co-firing is included 

in the Danish Energy Authority’s data. We decided therefore to use IEA data for Denmark for 

the whole period. 

 

For Finland, IEA statistics are compared to Energy Statistics 2003 (Statistics Finland, 2004). 

It is difficult to compare these two statistics because in Finnish statistics, fuel consumption for 

combined heat and power (CHP) plants is partly included in the category “fuel consumption 

for electricity generation from CHP plants” and partly in the category “fuel consumption for 

district heat and heat from combined heat and power plants”. No further split up is available 

for the last category. Additionally heat generation in CHP plants is not available by fuel 

source and includes heat generated by biomass. Biomass consists for 13% of the fuel 

consumption for public CHP plants in 2002 (IEA, 2004). Lastly Finnish energy statistics 

include autoproducers. 

Especially the first point is a problem, since 35% of fossil-fired power generation in Finland 

in 2003 is generated in CHP plants (IEA, 2005). In order to compare energy efficiencies, we 

back-calculated the energy consumption for heat generation by CHP plants30 and added this to 

the energy input for electricity generation. The results are shown in Table 22. 

 

Table  22  Energy  ef f ic iency  of  foss i l - f i red  power  genera t ion  in  F in land  (%) 

 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 

IEA (2004) 41.6 41.2 41.7 41.2 41.6 38.5 38.6 37.2 40.0 43.2 42.7 42.9 42.3 40.7 

Statistics 

Finland (2004) 

41.3 41.0 42.1 41.7 41.7 42.0 41.8 42.3 43.5 44.1 43.1 42.0 42.2 41.3 

 

As can be seen in Table 22, the differences in energy efficiency based on these assumptions 

are not so large, except for the period 1995-1999. 

                                                
30

 This is based on 90% efficiency for alternative heat generation. The heat output from CHP plants is corrected for the input 

from biomass by subtracting the share of biomass input from total heat generation, in terms of percentage, for all years (IEA, 

2005a). 
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Because of the mentioned differences in definitions in IEA statistics and Statistics Finland 

(2004), and the difficulty comparing the two, no changes are made for Finland. 
 

 

South Korea 

For South Korea energy statistics are available from the Korea National Statistical Office 

(KOSIS, 2006) and from Korea Electric Power Corporation (KEPCO, 2006).31  

 

Table 23 shows energy efficiency by fossil-fired power generation, calculated by both 

sources. 

Table  23  Energy  ef f ic iency  of  foss i l - f i red  power  genera t ion  (%) 

 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 

IEA 37.8 40.3 39.2 39.2 38.0 40.1 38.7 37.8 37.8 42.8 39.7 

KOSIS 36.7 38.2 38.3 38.6 38.9 39.3 39.2 39.4 39.9 40.3 40.1 

KEPCO     36.0 40.1 40.2 40.1 40.1   

 

We will use the energy-efficiencies for fossil-fired power generation from KOSIS because 

these values are more consistent than the IEA values and because the numbers are more 

similar to the values found from KEPCO. 

 

Table 24 shows the energy efficiency of power generation by source, calculated by IEA and 

KEPCO. KOSIS does not provide data on power generation by fuel source. The table shows 

the energy-efficiency values that are used in this study. The efficiencies are mostly based on 

the data from KEPCO, because these values are more consistent than the IEA values.  

 

Table  24  Energy  ef f ic iency  of  power  genera t ion  by  source 

 Source 1997 1998 1999 2000 2001 2002 2003 

IEA 35.1% 37.3% 36.5% 35.7% 37.0% 42.4% 37.6% 

KEPCO 31.9% 37.4% 37.0% 37.6% 37.8%   

Coal 

Used values 35.1% 37.4% 37.0% 37.6% 37.8% 37.8%14 37.6% 

IEA 45.2% 49.3% 47.1% 44.0% 41.7% 50.1% 50.6% 

KEPCO 44.7% 47.3% 47.9% 47.7% 49.4%   

Gas 

Used values 44.7% 47.3% 47.9% 47.7% 49.4% 50.1% 50.6% 

IEA 37.5% 40.1% 35.6% 39.2% 36.3% 34.8% 36.4% 

KEPCO 39.2% 46.3% 49.4% 45.4% 44.3%   

Oil 

Used values 39.2% 40.1% 44%32 45.4% 44.3% 44%14 44%14 

 

 

 

 

 

                                                
31

 Conversion factors used for converting from physical units to NCV are 26.6 MJ/tonne anthracite, 25.7 MJ/tonne 
bituminous coal, 41 MJ/kl heavy oil, 34.2 MJ/kl diesel and 49.5 MJ/tonne LNG (based on NCVs for South Korea from IEA 
and IPCC default values). Heat generation is not available and is taken from IEA (2005a) for natural gas and for total fossil-
fired power generation. 
32

 Assumption 
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United Kingdom and Ireland 

For the United Kingdom and Ireland, we only compared IEA statistics to national statistics for 

the United Kingdom, because they generate 92% of the total fossil-fired power generation of 

the United Kingdom and Ireland in 2003. For Ireland we use IEA statistics. 

Energy statistics for the United Kingdom from DTI (2006) give data for the years 1996 to 

2004.33  

The energy efficiency for gas-fired power generation, calculated by DTI (2006) and IEA 

(2005a), is found to be the same.  

For coal-fired power generation the energy efficiency is different for the year 2000; 37.4% by 

DTI in comparison to 40.3% by IEA. For 2001, 2002 and 2003 the deviation is less than 1%. 

We use 37.4% for 2000 because this value is more in line with the energy efficiencies for the 

other years (37.7% in 1999 and 37.3% in 2001).  

United States 

For the United States energy efficiencies are calculated from the Annual Energy Review 2004 

(EIA, 2005). 

A number of differences were found between EIA and IEA data. Some of these differences 

may be caused by the fact that EIA reports electricity data in terms of net electricity 

generation instead of gross electricity generation. The data from EIA are converted to gross 

electricity generation by a factor of 1.06 for coal, 1.03 for gas and 1.04 for oil34.  

 

Table 25 shows energy efficiency by coal-fired power generation, calculated by both sources. 

Table  25  Energy  ef f ic iency  of  coa l- f i red  power  genera t ion 35 

 1990 1991 1992-

1999 

2000 2001 2002 2003 

IEA (2005a) 37.2% 37.3% 36% 36.5% 35.0% 35.9% 36.4% 

EIA (2005) 36.1% 36.1% 36% 35.9% 35.9% 36.1% 36.2% 

Ratio: IEA / 

EIA 

103% 103% 100% 101% 97% 99% 100% 

 

The energy efficiency for coal-fired power generation differs for the years 1990, 1991, 2000 

and 2001. The energy efficiency for these years, based on EIA, is more in line with the energy 

efficiency for the years 1992-1999 and 2002. Therefore we replace IEA data by EIA data for 

these years. 

 

Table 26 shows energy efficiency by gas-fired power generation, calculated by both sources. 

                                                
33

 Conversion factors used for converting from gross calorific value (GCV) to net calorific value (NCV) are 0.9 for natural 

gas, 0.93 for oil and 0.97 for coal. The gross calorific values are taken from DTI Annex B  Calorific Values and Conversion 

Factors. http://www.dti.gov.uk/energy/inform/energy_prices/annex_b_mar04.shtmland 
34

 Gross electricity generation refers to the electric output of the electrical generator. Net electricity output refers to the 

electric output minus the electrical power utilised in the plant by auxiliary equipment such as pumps, motors and pollution 

control devices. These auxiliaries typically utilize 3 to 6% of a plant’s gross output (FirstEnergy Corp., 1999). Auxiliary 

consumption is in general higher for coal-fired power plants than for gas-fired power plants. In this study we use 6% for coal-

fired power generation, 3% for gas-fired power generation and 4% for oil-fired power generation. These values result in 

figures that are most consistent with the gross electricity generation figures from IEA (2005a). 
35

 Data from EIA (2005) is based on gross calorific value. This is converted to net calorific value by a factor of 0.97 for coal, 

0.9 for natural gas and 0.93 for oil. 
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Table  26  Energy  ef f ic iency  of  gas- f i red  power  genera t ion  (%) 

 1992-

1993 

1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 

IEA (2005a) 38.2 38.3 38.0 37.5 37.8 39.6 40.5 41.9 43.1 

EIA (2005) 

38 39 

38.7 39.1 38.6 38.3 38.4 39.0 40.5 42.1 45.4 

Ratio: IEA / 

EIA 

100 100 99 98 98 98 98 102 100 99 95 

 

 

For gas-fired power generation the difference in energy efficiency between the two sources is 

less than 1% for the years before 1995. From the period 1995-2000 EIA’s energy efficiency is 

~2% higher. We will take EIA data for this period, because this data shows fewer 

fluctuations. For 2003 we take IEA data. 

Table 27 shows energy efficiency by oil-fired power generation, calculated by both sources. 

Table  27  Energy  ef f ic iency  of  o i l - f i red  power  genera t ion  (%) 

 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 

IEA 38.2 37.9 37.3 36.9 38.0 37.9 37.0 52.4 56.3 40.7 42.4 

EIA 36.3 36.1 35.7 35.9 36.6 36.1 35.6 35.5 36.2 36.3 36.6 

Ratio: IEA / 

EIA 

105 105 104 103 104 105 104 148 155 112 116 

 

As can be seen in Table 27, there are large differences in the efficiency of oil-fired power 

generation. We will replace IEA data with EIA data for oil-fired power generation because the 

EIA data set seems more reliable, especially for the years 2000-2002, with fewer fluctuations.  
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4  Effec t  SO 2  and  NO x  contro l  on  energy-e f f i c iency   

power generat ion 36 

A b s t r a c t  

In this analysis we study the effects of SO2 and NOx pollution control on the energy efficiency 

of fossil-fired power generation on a country level. The countries evaluated in this study are 

Australia, China, France, Germany, India, Japan, Nordic countries (Denmark, Finland, 

Sweden and Norway aggregated), South Korea, United Kingdom and Ireland, and United 

States. Together these countries generate 65% of fossil-fired power generation worldwide. 

The level of SO2 and NOx control was found to vary widely for the included countries. The 

highest level of desulphurisation and denitrification was found in Japan, Germany, Nordic 

countries and South Korea. These countries also have the lowest NOx and SO2 emissions per 

unit of power generated. Limited pollution control was found to be implemented in India and 

China, resulting in high specific NOx and SO2 emissions. 

The effect of NOx and SO2 control technologies on generating efficiency was found to consist 

mainly of power consumption by the installations. The effect on net energy efficiency was 

estimated to be around 2% for coal-fired power plants and 1% for natural gas-fired power 

plants. The average power use for NOx and SO2 control for fossil-fired power generation was 

estimated to be between 1.2%-1.5% of electricity output for the countries with high levels of 

pollution control. The resulting effect on the net efficiency of fossil-fired power generation is 

0.5-0.6 percent points. 

 

 

                                                
36 Published in Energy Policy, Vol. 35 (2007), pp. 3898-3908. Co-author is E. Worrell. 
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4 . 1  I n t r o d u c t i o n  

International comparisons of the energy-efficiency of power generation can be used to 

compare a country’s performance against that of other countries. The results can be used to 

determine potential energy savings and greenhouse gas emission reduction. Factors 

influencing energy-efficiency of power generation are e.g. the type and age of power plants 

and the fuel types and technologies used. The net efficiency of a power plant is influenced by 

the amount of auxiliary power consumption for internal use. Strict pollution limits increase 

auxiliary power consumption of power plants.  

The most common form of pollution control in fossil-fired power plants is desulphurisation 

and denitrification. These pollution control technologies mostly consume energy and thereby 

reduce the overall energy efficiency of a power plant. The level of SO2 and NOx control for 

countries differs widely, depending on e.g. national emission regulations. Countries with high 

levels of SO2 and NOx control may have lower efficiencies than they would have had if SO2 

and NOx control would not be applied.  

 

Few studies have been done regarding the effects of SO2 and NOx abatement technologies on 

the energy-efficiency of power generation. Although estimates for the energy consumption of 

most SO2 and NOx abatement technologies are available, the loss of energy-efficiency on a 

country level has not been studied.  

 

In this paper we explore the differences in applied desulphurization and denitrification 

technologies and the effect on power generation efficiency for a selection of countries. These 

countries are Australia, China, France, Germany, India, Japan, Nordic countries (Denmark, 

Finland, Sweden and Norway aggregated), South Korea, United Kingdom and Ireland, and 

United States. Together these countries generate 65% of fossil-fired power generation 

worldwide.  

 

This paper is structured as follows. Section 4.2 describes the approach used in this analysis. 

Section 4.3 gives an overview of data input. Section 4 gives the results of the analysis and 

section 4.5 discusses uncertainties. Conclusions are given in section 4.6. 

 

4 . 2  A p p r o a c h  

The approach used in this analysis can be divided into three steps. 

 

In the first step we aim to give an overview of pollution control technologies applied on a 

country level. For coal-fired power plants we use the CleanPower5 database from the IEA 

Clean Coal Centre from IEACR (2006). For natural gas and oil-fired power plants we use the 

World Electric Power Plant Database (WEPP) from Platts (2006).  
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In the second step we study the effects of different desulphurization and denitrification 

technologies on energy efficiency. For the most frequently applied technologies a literature 

research is done regarding energy consumption and efficiency losses resulting from the 

technologies.  

 

In the third step we determine the effects of SO2 and NOx control on the energy efficiency of 

fossil-fired power generation for the countries involved. The results from the first step, in 

terms of the level of applied NOx and SO2 control technologies, are combined with the results 

from the second step. This gives an indication of the energy-efficiency loss due to NOx and 

SO2 emission control for fossil-fired power generation of the observed countries.  

 

The energy-efficiency of fossil-fired power generation for the included countries is taken 

from Graus and Worrell (2006). This study includes public power and CHP plants and is 

based on IEA Energy Balances 2005 and national statistics.  

 

Formula 1 gives the energy efficiency of power generation used in this study:   

 

E = (P  + H*s) / I       (1) 
 

Where: 

• E = Energy efficiency of power generation  

• P  = Power production from public power plants and public CHP plants  

• H = Heat output from public CHP plants  

• s = Correction factor between heat and electricity, defined as the reduction in electricity 

production per unit of heat extracted 

• I = Fuel input for public power plants and public CHP plants  

 

Heat extraction causes the energy efficiency of electricity generation to decrease although the 

overall efficiency for heat and electricity production is higher than when the two are 

generated separately. Therefore, a correction for heat extraction is applied. This correction 

reflects the amount of electricity production lost per unit of heat extracted from the electricity 

plant(s). For district heating systems, the substitution factors vary between 0.15 and 0.2. 

Graus and Worrell (2006) use a correction factor of 0.175.  

 

4 . 3  D a t a  i n p u t   

4 . 3 . 1  S O 2  a n d  N O x  c o n t r o l  t e c h n o l o g i e s  

SO2 and NOx emissions resulting from fossil fuel combustion depend on a number of factors 

like fuel type (e.g. thermal content, sulphur content and sulphur retained in the ash) and 

combustion conditions.  
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Unabated SO2 emissions are particularly high for coal combustion, typically around 230 

(anthracite) to 390 (bituminous coal) g/GJNCV, and highest for lignite; 525 g g/GJNCV. For oil, 

SO2 emissions are somewhat lower typically around 70 (gas oil) to 350 (fuel oil) g/GJNCV.  

NOx emissions from coal range from around 90 (fluidised bed) to 540 (boiler) g/GJNCV. For oil 

typical NOx emissions are 200 g/GJNCV and for natural gas, between 30 (combined cycle) and 

130 (boiler) g/GJNCV. [Barrett, 2004] 

For coal-fired power plants, 50-90% of NOx emissions is formed from fuel nitrogen (fuel 

NOx) and the other part results from combustion of N2 in the air (thermal NOx). For oil 

combustion fuel NOx can be as high as 50%. For natural gas on the other hand, thermal NOx 

formation, which is highly temperature dependent, is the most relevant source of NOx 

emissions.  

 

SO2 control  

Besides a switch to fuels with a low sulphur content, there are currently two main types of 

desulphurisation technologies: wet scrubbers and dry scrubbers. Other SO2 emission control 

technologies are sorbent injection and combined NOx and SO2 control. 

Wet scrubbers are used where SO2 control requirements are most stringent and are the most 

widely used flue gas desulphurisation (FGD) technology. Wet scrubbers can achieve removal 

efficiencies as high as 99%.  

Spray dryer scrubbers are used for applications with less demanding SO2 requirements. Dry 

scrubbers are often superior to other designs in terms of cost efficiency, thanks to their 

simplicity and lower capital and maintenance costs. 

Combined SO2/NOx removal processes are fairly complex and costly. However, emerging 

technologies have the potential to reduce SO2 and NOx emissions for less than the combined 

cost of conventional flue gas desulphurization (FGD) for SO2 control and selective catalytic 

reduction (SCR) for NOx control. Most processes are in the development stage, although some 

processes are commercially used in low to medium-sulphur coal-fired plants [IEA Clean Coal 

Centre (2006) and ICAC (2006)]. 

Another measure for reducing SO2 emissions is a switch to low sulphur coal. Rubin (2002) 

indicates that a disadvantage of shifting to low sulphur coal is increased levels of PM 

emissions (+34%), Hg emissions (+36%) and NOx emissions (+30%). If alternatively SO2 

emissions would be removed by wet scrubbing, PM and Hg emissions would reduce by 50% 

and 70%, respectively.  

 

NOx control 

There are a few basic types of NOx emission controls: advanced combustor design to suppress 

NOX formation, wet controls using water or steam injection to reduce combustion 

temperatures, and post-combustion controls (flue gas treatment).  

 

The emission reduction from combustion modification can be 20-70%, depending on the 

technologies applied (IPPC, 2005).  
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Combustion modification options are e.g. separating the combustion process in stages. This 

staging partially delays the combustion process and results in a cooler flame that suppresses 

thermal NOx formation.  

Alternatively, air ports can be installed in addition to existing burners (overfire air operation). 

Burners can then be operated with low excess air, which inhibits NOx formation, while the 

overfire air ensures complete burnout.  

Another option is to recirculate part of the flue gases (usually less than 30%) into the 

combustion air. Flue gas recirculation results in a reduction of available oxygen in the 

combustion zone and leads to a decrease of the flame temperature and reduces both fuel-

bound nitrogen conversion and thermal NOx formation. 

For gas turbines, dry low- NOx combustors (DLNC) can minimize combustion temperatures 

by providing a lean premixed air/fuel mixture, where air and fuel are mixed before entering 

the combustor. This minimizes fuel-rich pockets. Dry low-NOX combustors can achieve 

emission reductions of about 94% (California Air Resources Board, 2000). 

 

Water or steam injection can be used to reduce NOx emissions from gas turbines and involves 

the injection of a small amount of water or steam via a nozzle into the immediate vicinity of 

the combustor burner flame. Water injection typically results in a NOx reduction efficiency of 

about 70%, while steam injection can achieve approximately 80% control (California Air 

Resources Board, 2000). 

 

Post combustion control reduces NOx emissions already formed. They can be implemented 

independently or in combination with primary measures. Main post combustion technologies 

are selective catalytic reduction (SCR) and selective non catalytic reduction (SNCR). SCR 

systems selectively reduce NOx by injecting ammonia (NH3) into the exhaust gas stream 

upstream of a catalyst. NOx, ammonia, and oxygen react on the surface of the catalyst to form 

molecular nitrogen (N2) and water. SCR systems typically reduce NOx emissions by 80-95%. 

A SNCR system is operated without a catalyst and generally reduces NOx emissions by 30-

50%. [IPPC, 2005]  

4 . 3 . 2  A p p l i e d  e m i s s i o n  c o n t r o l  t e c h n o l o g i e s  o n  a  c o u n t r y  l e v e l  

In this sub section we give an overview of NOx and SO2 control technologies that are applied 

in the countries observed. Table 28 shows abbreviations used in the figures for the different 

control technologies. 

Table  28  Abbrevia t ions  

Abbreviations Full name 

DLNC (Dry) low NOx combustors 

DNOX Unspecified NOx removal equipment 

DESOX Unspecified type of SO2 control equipment 

EMULS Emulsified fuel oil 

FGD Flue gas desulphurization 

Unspecified type of FGD scrubber 

97

Effect SO2 and NOx control on energy-efficiency power generation



 

Abbreviations Full name 

FGR or FR Flue Gas Recirculation 

LNB Low-NOx burners 

OFA Overfire air  

OXI Oxidation catalyst 

SCR Selective catalytic reduction 

SNCR  Selective non-catalytic reduction 

SNOX Combined SO2 and NOx control 

STM IJ Steam injection 

TSC Two-stage combustion 

WAT IJ or WI Water injection 

 

Coal-fired power plants 

Figure 34 shows the level of SO2 control for coal-fired power plants. 

 

 

F igure  34  SO 2  contro l  for  coa l- f i red  power  p lan ts  in  2005 ( IEACR,  2006)37 

 

As can be seen in Figure 34, wet scrubbing is the most commonly used technology for SO2 

control in coal-fired power plants, followed by dry scrubbing. SO2 control is particularly high 

for South Korea, Japan, Germany and the Nordic countries, and low for China, Australia, 

France and India.  

 

Figure 35 shows combustion modification applied for reducing thermal NOx emissions in 

coal-fired power plants. 

 

                                                
37 Based on units > 100 MW in operation, including industrial power plants. The share refers to percentage of units equipped with pollution 
control device.  

98

Chapter 4



 

F igure  35  NO x  combust ion  modif ica t ion  of  coa l-based  power  p lan ts  in  2005 ( IEACR,  

2006) 38 

 

Low NOx burners are widely applied for coal-fired power plants. United Kingdom and 

Ireland, and the Nordic countries have the highest share of low NOx burners. For Japan the 

figure shows a high share of overfire air and flue gas recirculation. 

 

Figure 36 shows the level of flue gas treatment applied for removing NOx emissions from flue 

gas. 

 

 

F igure  36  F lue  gas  t rea tment  for  NOx emiss ions  of  coa l-based  power  p lan ts  in  2005 

( IEACR,  2006)  

 

                                                
38 Sorted on sum of three combustion control technologies. Note that the technologies can be applied simultaneously. 
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SCR is the most often applied technology for flue gas treatment, followed by SNCR which is 

applied in the United States and Nordic countries. Japan and Germany have the highest share 

of installed SCR systems, 65% and 53%, respectively.  

 

The differences between countries in terms of SO2 and NOx control applied in coal-fired 

power plants are large, ranging from 0% to 90% for some technologies. The specific 

emissions of SO2 and NOx per kWh power generated are therefore expected to differ widely 

as well. 

 

Gas-fired power plants 

Figure 37 shows the share of gas-based capacity that is equipped with NOx emission control. 

 

 

F igure  37  Share  of  gas-based  capac i ty  wi th  NO x  contro l  in  2005 (P la t t s ,  2006) 39  

 

In general, DLNC (Dry Low NOx Combustors) is the most applied NOx abatement technology 

for gas-fired power plants. Japan has a high share of SCR and two-stage combustion/flue-gas 

recirculation.  

. 

Oil-fired power plants 

Figure 38 shows the share of oil-based capacity that is equipped with NOx emission control. 

Note that oil-fired power generation is very small (< 5 TWh) for Australia, Germany, United 

Kingdom and Ireland, France and the Nordic countries.  

 

 

                                                
39  “Not Applicable (N/A)” refers to internal combustion plants or older steam-electric power plants with no pollution control. In case data 
fields are empty this means information on NOx and SO2 control systems or processes is absent. 
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F igure  38  Share  of  o i l -based  capac i ty  wi th  NO x  contro l  in  2005 (P la t t s ,  2006)  40  

 

Figure 38 shows that SCR is the most applied NOx abatement technology for oil-fired power 

plants. The level of SCR is high for South Korea and Japan. Japan has additionally a high 

share of two-staged combustion in combination with flue gas recirculation.  

 

Figure 39 shows the share of oil-based capacity with SO2 control. 

 

 

F igure  39  Share  of  o i l -based  capac i ty  wi th  SO 2  contro l  in  2005 (P la t t s ,  2006)   

                                                
40  “Not Applicable (N/A)” refers to internal combustion plants or older steam-electric power plants with no pollution control. In case data 
fields are empty this means information on NOx and SO2 control systems or processes is absent. 
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Figure 39 shows that wet scrubbers are applied on a limited scale in Germany, Japan and 

Nordic countries. In general, SO2 control for oil-based capacity seems limited. 

 

4 . 3 . 3  S p e c i f i c  S O 2  a n d  N O x  e m i s s i o n s   

Figure 40 shows SO2 emissions per kWh for coal and oil-fired power generation. 

 

F igure  40  SO 2  emiss ions  per  kWh for  coa l-  and  o i l - f i red  power  genera t ion  ( IEA (2005)  

and  OECD (2004)) 41 

 

Figure 40 shows a strong decrease in SO2 emissions per kWh for many countries, in some 

cases specific emissions reduce nearly tenfold. 

The differences between countries in terms of specific SO2 emissions are large ranging from 

0.5 to 5.5 g/kWh in 2002 (factor 11). Japan has the lowest specific SO2 emissions, followed 

by Germany, South Korea (data for 1999) and Nordic countries, respectively 0.5, 0.9, 1.3 and 

1.3 g/kWh. The highest level of specific SO2 emissions is 5.5 for the United Kingdom and 

Ireland and 4.4 for the United States in 2002. For the United Kingdom and Ireland, additional 

wet scrubbers are planned to be applied to around 30% of coal capacity. Furthermore a 

number of existing wet scrubbers became operational after 2002. SO2 emissions for the 

United Kingdom and Ireland are therefore expected to decrease further.  

According to OSC (2006), SO2 emissions from thermal power plants in India are 7.4 g/kWh 

in 1998. For China, average SO2 emissions from coal-fired power plants are 7.3 g/kWh in 

2000, according to Jintian et al. (2002). Based on LBNL (2004)42 SO2 emissions from coal- 

and oil-fired power plants in China are 6.5 g/kWh in 2000 and 5.7 g/kWh in 2002. 

 

Figure 41 shows NOx emissions per kWh for fossil-fired power generation. 

                                                
41 SO2 emissions from electric power stations taken from OECD (2004) are divided by oil- and coal-fired electricity generation in public 
power plants (IEA, 2005). 
42 SO2 emissions for electric utilites are divided by by oil- and coal-fired electricity generation in public power plants (IEA, 2005). 
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F igure  41  NO x  emiss ions  per  kWh for  foss i l - f i red  power  genera t ion  ( IEA (2005)  and  

OECD (2004))  

 

Also NOx emissions have decreased for many countries. The differences between countries in 

terms of specific NOx emissions are again large, ranging from 0.4 to 3.6 in 2002 (factor 9). 

Japan has the lowest specific NOx emissions, followed by Germany and South Korea (data for 

1999), 0.4, 0.7 and 0.9 g/kWh respectively. The highest level of specific NOx emissions is 3.6 

for France and 2.9 for Australia.  

According to OSC (2006), NOx emissions from thermal power plants in India are 7.0 g/kWh 

in 1998. For China, average NOx emissions from coal-fired power plants are 3.7 g/kWh in 

2002, based on Tanooka et al. (2006).  

 

Factors influencing specific NOx and SO2 emissions for fossil-fired power generation are 

besides the level of pollution control and the energy efficiency of power generation, the fuel 

type that is used (i.e. share of coal in the fuel mix and its sulphur content).  

Figure 42 shows the share of gas-fired, coal-fired and oil-fired power generation in total fossil 

power generation. 
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F igure  42  Share  gas ,  o i l  and  coa l  in  to ta l  foss i l  power  genera t ion  in  2003 ( IEA,  2005) 
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4 . 3 . 4  E m i s s i o n  l i m i t s  

Table 29 gives an overview of SO2 and NOx emission limits for power plants in the different 

countries. In case no emission limits are available a short description is provided of relevant 

policies in the field of SO2 and NOx emissions of power plants.  

 

Table  29  NO x  and  SO 2  emiss ion  l imi ts  for  power  p lan ts  or  re la ted  pol ic ies  

 SO2 (mg/Nm3)
 43

 NOx (mg/Nm3)
9
 

European Union [Entec (2005), Barrett (2004)] 

EU Large Combustion Plant 

Directive (LCPD)  

(2001/80/EC) 

 

To be applied from  

1 January 2008 

 

Existing plants > 500 MW 

400 for solid and liquid fuels 

35 for gaseous fuels 

 

 

Plants built after 2003 >300 MW 

200 for solid and liquid fuels44 

35 for gaseous fuels 

Existing plants > 500 MW 

500 for solid fuels 

400 for liquid fuels 

200 for gaseous fuels 

 

Plants built after 2003 >300MW 

200 for solid and liquid fuels 

100 for gaseous fuels 

Germany  

 

300 for solid fuels. In addition plants 

have to comply with a sulphur 

removal rate of at least 85%. 

200 for solid fuels  

135-150 for gaseous fuels 

Finland 

 

- 200 for plants >1000 MWth  

United States [Entec (2005), Rubin et al. (2002), Schwarz (2003)] 

US Acid Rain Program (cap-

and-trade programme started 

in 1995) 

Phase two (started in 2000): 

1475  

490-1060  

(depending on boiler type)  

Federal New Source 

Performance Standard 

(NSPS)  

 

1475 for solid fuels 

985 for gas and liquid fuels 

 

615-985 for solid fuels 

370-615 for liquid fuels 

245-615 for gaseous fuels 

(depending on fuel characteristics) 

 

Plants modified after 1997  

185  

North Carolina Clean 

Smokestacks Act45 

200 for coal 100-120 for coal 

 

 

Japan [World Bank (2001), Ministry of Environment Japan (2006), Tanaka (2000)] 

Air Pollution Control Law  

 

 

The emission limits for sulphur 

dioxide range from ~170-300046 and 

vary according to geographical 

location and height of exhaust stack. 

Large-scale boilers 

410-51347 for coal  

267-308 for oil  

123-205 for gas  

                                                
43 Emission limits are given in mg/Nm3. Nm3 refers to the volume (m3) of exhaust gas in normal conditions (273 °K, 101.3 kPa) after 
correction for the water vapour content.  
44 In case emission limits cannot be met due to fuel characteristics, desulphurisation must be at least 95% and maximum emissions 400 
mg/Nm3. 
45 The actual numbers will be different at every facility depending upon facility type, boiler technology and coal type (Schwarz, 2003). 
46 Converted with 1 ppm = 2.86 mg/Nm3 for SO2 
47 Converted with 1 ppm = 2.05 mg/Nm3 for NO2 
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 SO2 (mg/Nm3)
 43

 NOx (mg/Nm3)
9
 

Sulphur content limits for fuels are 

<0.5-1.2%.  

The average sulphur content of the 

heavy oil used in Japan was 2.5% in 

1967, but by 1992 had dropped to 

1.05%. 

(depending on size) 

South Korea [Kim and Kim, 1999] 

Air Quality Control Law 

(1999) 

Existing power plants > 500 MW 

429-772 for solid fuels 

429-515 for liquid fuels 

 

New power plants > 500 MW 

343 for solid and liquid fuels 

 

Sulphur content limits for fuels are 

<0.1–1.0%, depending on region and 

fuel type. 

Power plants > 500 MW 

718 for solid fuels 

513 and 1950 for liquid fuels 

820 and 1025 for gas 

(upper value is for internal 

combustion engines) 

China  

[Battelle Memorial Institute, 

1998 and Jintian et al. 2002] 

 

China is attempting to control sulphur 

emissions associated with power 

production by implementing flue gas 

desulphurisation (FGD) facilities. 

Government agencies in the power 

sector have also made efforts to 

improve the quality of coal supplies 

to reduce pollution. The average 

sulphur content in coal supplied to 

power plants decreased from 1.2% in 

1988 to 1.05% in 1999.  

The Chinese government has yet to 

develop a specific standard for NOx 

emissions for power production, 

although the former Ministry of 

Electric Power Industry had 

requested that new thermal power 

plants with a unit capacity over 300 

megawatts use low NOx emission 

technologies.  

India  

[EIA, 2004b] 

 

The Central Pollution Control Board has been slow to set sulphur dioxide 

(SO2) emission limits for coal-fired power plants, mainly because most of 

the coal mined in India is low in sulphur content. Coal-fired power plants do 

not face any nitrogen oxide (NOx) emissions limits either. 

Australia  

[EIA, 2002] 

Australia does not have specific emission limits for power plants. The 

reason is that sulphur dioxide, for example, is not a major pollutant, both 

because of the low-sulphur nature of Australia's coal and because most 

power plants are located at significant distance from urban areas. 

 

Note that emission standards are mostly set on a fuel input or flue gas output basis. More 

efficient plants will have lower emissions on a per kWh basis. Input-based emission standards 

however provide no incentive to reduce emissions by improving the energy-efficiency of 

power plants. In contrast output-based standards would provide an incentive to do so.  

 

4 . 3 . 5  E f f e c t  o f  S O 2  a n d  N O x  c o n t r o l  o n  p o w e r  g e n e r a t i o n  e f f i c i e n c y  

In the previous subsections we saw that the level of pollution control and specific SO2 and 

NOx emissions differ widely per country. In this subsection we will look at the effects of SO2 

and NOx control on power generation efficiency. 
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Table 30 gives an overview of the impact of the SO2 and NOx control technologies on the 

energy efficiency of power generation. 

 

Table  30  Impact  SO 2  and  NO x  contro l  technology on  ef f ic iency  power  genera t ion  ( ICAC 

(2006) ,  IPCC (2005) ,  World  Bank (2006) ,  Rubin  (2002) ,  COEN (2006) ,  S tork  

(2005) ,  L iere  e t  a l .  (2001) ,  (Carnegie  Mel lon  Univers i ty ,  2006))    

 Power consumption as share 

of unit’s generating capacity 

Other effects 

SO2 wet scrubbers 1-2% In some cases 1% gross efficiency loss for reheating 

flue gases 

SO2 dry scrubbers 0.5-1% - 

SO2 sorbent 

injection 

0.01%-2% 2% drop boiler efficiency for furnace sorbent injection 

is possible 

NOx SCR 0.5% - 

NOx SCNR 0.1-0.3% - 

NOx combustion 

modification 

Depending on technology 

• Fan power for flue gas 

recirculation (<0.5%) 

Depending on technology  

• Flue gas recirculation: 0.2-0.8%48 reduced 

boiler efficiency is possible 

• Steam injection: fuel consumption for steam 

production 

• Swirl flash system: swirl flash may increase 

power output while increase fuel input, 

leading to a net energy-efficiency 

improvement of 0% to 2%. 

• At some plants, the use of low-NOx burners 

can increase the share of unburned carbon 

caused by changes in furnace firing 

conditions, leading to a slight energy-

efficiency drop. 

 

 

Table 4 shows that the effect of NOx and SO2 control on power generation efficiency consist 

mainly of an increase of auxiliary power consumption for fans and pumps to drive the 

pollution control devices etc. The effect on net energy-efficiency is around 2% for coal-fired 

power plants (wet scrubber, SCR and combustion modification) and 1% for gas-fired power 

plants (SCR and combustion modification). In some cases there is also an effect on gross 

efficiency of at most 1% due to loss of boiler efficiency or additional fuel consumption.  

 

Figure 43 shows the total auxiliary power consumption in electricity, CHP and heat plants, 

including auto-producers, as share of total gross power generation in 2003. 

 

                                                
48 Boiler efficiency loss is 0.0325 times share of FGR (COEN, 2006). Typical amounts of flue gas recirculation are 5-25% (IPPC, 2006). 
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F igure  43  Auxi l ia ry  power  consumpt ion  in  power  and  hea t  p lan ts  as  share  in  to ta l  g ross  

power  genera t ion  in  2003 ( IEA Extended  Energy  Balances  2005)  

 

The difference in auxiliary power consumption between countries can be explained by e.g. (1) 

the fuel mix for power generation (e.g. auxiliary power consumption for natural gas plants is 

generally lower than for coal plants), (2) the level of pollution control, (3) efficiency of 

pumps, compressors etc and operation and maintenance and (4) the energy efficiency of 

power generation.  
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4 . 4  R e s u l t s  

Table 31 shows the level of applied NOx and SO2 control technologies for the observed 

countries by fuel type. In the last row an estimate is given of the power consumption of the 

pollution control technology as a share of total gross power output of a power plant. 

 

Table  31  Level  of  appl ied  NO x  and  SO 2  pol lu t ion  contro l  (exc luding  p lanned  pol lu t ion  

contro l )  

Coal Gas Oil  

SO2 

control 

NOx 

combustion 

control 

SCR NOx 

control 

SO2 

control 

NOx 

control 

Australia 1% 23% 0% 15% 0% 2% 

China 8% 4% 1% 38% 0% 7% 

France 0% 0% 15% 32% 0% 8% 

Germany 78% 49% 53% 24% 16% 18% 

India 0% 0% 0% 15% 0% 10% 

Japan 78% 63% 65% 70% 14% 63% 

Korea 94% 69% 17% 42% 1% 36% 

Nordic countries 75% 75% 25% 44% 7% 16% 

UK + Ireland 21% 90% 0% 51% 0% 0% 

United States 30% 48% 29% 32% 0% 13% 

Power consumption 1.5% 0.5% 0.5% 1% 1.5% 1% 

 

 

Table 32 shows the gross efficiencies calculated in the study Graus and Worrell (2006) and 

give estimates for net efficiency, based on Figure 43. In the two right-hand columns, the 

estimated power use for NOx and SO2 control is given as a share of gross power generation 

and the net efficiency excluding NOx and SO2 control is calculated. 

The net efficiency refers to net electricity output divided by fuel input, while the gross 

efficiency refers to gross electricity output divided by fuel input. The difference between 

gross and net electricity output is the power consumption of a power plant for its own use, 

including power consumption for pollution control.  

 

Please note that the uncertainties in the net efficiencies and in the power use for NOx and SO2 

pollution control are significant. The share of own power consumption in gross power 

generation (see Figure 43) refers to all heat and power plants in a country and may not be 

representative for the fossil-fired power generation share. These results therefore merely aim 

to show the sensitivity of net efficiencies to NOx and SO2 pollution control. 
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Table  32  Gross  and  ne t  foss i l  e f f ic ienc ies  wi th  and  wi thout  po l lu t ion  contro l   

 Gross 

efficiency 

2003 

Net 

efficiency49 

2003 

Power use for NOx 

and SO2 control50 

Net efficiency excl. 

NOx and SO2 

control51 

Japan 43.1% 41.6% 1.2% 42.1% 

UK + Ireland 43.3% 41.3% 0.6% 41.5% 

Nordic countries 41.9% 40.8% 1.2% 41.3% 

Korea 40.1% 38.3% 1.4% 38.8% 

Germany 39.3% 36.9% 1.5% 37.5% 

United States 36.7% 34.9% 0.7% 35.1% 

France 34.9% 33.4% 0.1% 33.4% 

Australia 35.0% 32.6% 0.1% 32.7% 

China 33.3% 30.4% 0.1% 30.5% 

India 32.0% 29.7% 0.0% 29.7% 

Source Graus and 

Worrell 

(2006) 

Estimate 

based on 

Figure 43 

Estimate based on 

Table 31 and Figure 

42 

Result 

 

 

The results in Table 32 show that power use for NOx and SO2 control is estimated to be 

between 1.2%-1.5% for countries with high levels of pollution control; Japan, Nordic 

countries, South Korea and Germany. 

The effect on net efficiency of NOx and SO2 abatement is 0-0.6 percent points (e.g. 40.6% 

instead of 40.0%) for the included countries, depending on the abatement level.  

 

Figure 44 shows the results from Table 32 in graph form. 

 

                                                
49 Net efficiency (%) = gross efficiency (%) * (1 – own power consumption (%)) 
50 Power use for NOx and SO2 control (as % of gross fossil power generation) =  
SUMPRODUCT (power consumption for control technology (%)Table 31 last row * applied level for country (%) Table 31 * share of coal, 
oil or gas in fossil-fired power generation (%), depending on control technology, Figure 42). 
51 Net efficiency excluding NOx and SO2 control (%) = net efficiency (%) / (1 –power consumption for NOx and SO2 control (%)) 
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F igure  44  Gross  e f f ic iency  and  ne t  foss i l  e f f ic iency  (wi th  and  wi thout  NOx  and  SO 2  

contro l )  

 

4 . 5  D i s c u s s i o n  o f  u n c e r t a i n t i e s  

There are two main sources of uncertainty in this study  

1. The level of pollution control for the countries  

2. The effect of pollution control on energy-efficiency 

 

The first source of uncertainty is present in the estimation of the level of pollution control for 

the included countries. The uncertainty is estimated to be low for coal-fired power plants. The 

IEACR database is quite complete with a high detail level of information. The uncertainty for 

natural gas and oil-fired power plants is higher. A significant share of data fields in the Platts 

database is empty, indicating that information on pollution abatement is not available.  

The overall uncertainty in the level of pollution control in a country is however estimated to 

be limited since the specific NOx and SO2 emissions on a per unit power generation output 

together with national pollution control limits are in line with the found results.  

 

A second source of uncertainty is the effect of pollution control on energy-efficiency of power 

generation. Although a reasonable amount of literature sources is available regarding power 

consumption of different pollution control technologies, the effects in terms of steam 

consumption and other possible effects on efficiency are limited. Especially for combustion 

modification for NOx control the effects are complicated and depend on of a lot factors. 

Actual measurements of the effects at power plants were not available for this study.  
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Although both sources of uncertainty limit the use of the detailed results of this study, the 

observed trends and relative magnitude of the found impacts for the analysed countries is 

unlikely to differ much.  

 

4 . 6  C o n c l u s i o n   

In this study it was found that pollution abatement technologies affect the net efficiency of 

power generation, as they often lead to increased internal consumption of power (and steam 

for specific technologies). NOx and SO2 emissions and the level of desulphurisation and 

denitrification was found to vary widely for the analysed countries. The highest level of 

desulphurisation and denitrification was found in the countries Japan, Germany, Nordic 

countries and South Korea. These countries also have the lowest NOx and SO2 emissions per 

kWh power generated. Limited pollution control was found to be implemented in India and 

China, resulting in high specific NOx and SO2 emissions for these countries. 

The various countries and regions have varying emission standards, which may also result in 

varying abatement strategies and technologies. For example, the enactment of the Clean Air 

Act in the United States has primarily resulted in a shift to low-sulphur coals, and less to 

abatement technology installation (as it has in e.g. Germany and Japan). This affects not only 

power generation efficiency, but also other air pollutant emissions (e.g. particulate matter and 

mercury). 

 

The effect of NOx and SO2 control technologies on generation efficiency mainly consists of 

power consumption by the installations. The effect on net energy efficiency is estimated to be 

around 2% for coal-fired power plants (wet scrubber, SCR and combustion modification) and 

1% for gas-fired power plants (SCR and combustion modification). The effect on gross 

efficiency of SO2 and NOx control is at most 1% due to loss of boiler efficiency or additional 

fuel consumption, but probably lower.  

 

In this study we investigated the impact of air pollution abatement on the net efficiency in the 

analysed countries. Power use for NOx and SO2 control was estimated to be between 1.2%-

1.5% of gross power output for countries with high levels of pollution control (Japan, Nordic 

countries, South Korea and Germany).  

The effect on net efficiency of NOx and SO2 abatement was found to be between 0-0.6 percent 

points for the included countries, depending on the abatement level. 
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5  Methods  to  ca lcu la te  CO 2  in tens i ty  o f  power generat ion  

and  consumpt ion;  a  g loba l  perspect ive 53 

A b s t r a c t  

This paper compares five methods to calculate CO2 intensity (g/kWh) of power generation, 

based on different ways to take into account combined heat and power generation. It was 

found that the method chosen can have a large impact on the CO2 intensity for countries with 

relatively large amounts of combined heat and power plants. Of the analysed countries, the 

difference in CO2 intensity is found to be especially large for Russia, Germany and Italy 

(82%, 31% and 20% difference in 2007, respectively, for CO2 intensity of total power 

generation).  

This study furthermore shows that by taking into account transmission and distribution losses 

and auxiliary power use, CO2 intensity for electricity consumption is 8-44% higher for the 

analysed countries than the CO2 intensity for electricity generation, with 15% as global 

average, in 2007. 

CO2 emissions from power generation can be reduced by implementing best practice 

technology for fossil power generation. This paper estimates a potential of 18%-44% savings, 

with 29% as global average. An additional potential is expected to exist for reducing 

transmission and distribution losses, which range from 4% to 25% of power generation in 

2006, for the analysed countries, with 9% as global average. 

                                                
53 Submitted to Energy Policy. Co-author is E. Worrell. 
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5 . 1  I n t r o d u c t i o n  

Direct CO2 emissions from fossil-fired power generation amount to 10.4 Gtonne CO2 in 2005 

(IEA, 2008), equivalent to 27% of global greenhouse gas emissions in 200554 (WRI, 2010). 

Figure 3 shows the amount of greenhouse gas emissions by power generation in 2007 by 

country. 

 

 

F igure  45  Breakdown of  greenhouse  gas  emiss ions  by  power  genera t ion  g lobal ly  by  

country  in  2007 (based  on  IEA,  2009)   

Of total greenhouse gas emissions from power generation in 2007, 73% originated from coal-

fired power generation, 19% from gas-fired power generation and 8% from oil-fired power 

generation (based on IEA, 2009). China, the United States and EU27 together emit nearly 

60% of these emissions. 

 

CO2 intensity of power generation is a measure for the amount of CO2 emitted per unit of 

power generated or consumed (g/kWh). It can be used to calculate greenhouse gas emission 

reductions that can be achieved by electricity savings. Also it can be used to compare 

countries, e.g. to identify differences in intensity and opportunities for CO2 emission 

reduction. There are, however, different methods possible for calculating CO2 intensity. This 

paper compares five methods, which differ in the way heat generation is taken into account in 

the case of combined heat and power generation (CHP). Also the difference in CO2 intensity 

of power generation versus power consumption is calculated to account for transmission and 

distribution losses. 

In this paper we use country level and global level data. The selection of countries is based on 

the amount of fossil based power generation, because fossil power generation is of most 

concern for greenhouse gas emissions. Figure 46 shows the 15 largest fossil power generating 

                                                
54 Excluding negative emissions from land use change and forrestry, which were 5.4 Gtonne CO2eq in 2005 (WRI, 2010). 
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countries. These countries together generate 78% of global fossil power generation in 2007, of 

which United States and China generate 48%. 

 

 

F igure  46  Larges t  foss i l - fue l  based  power  genera t ing  countr ies  in  the  wor ld  (TWh) in  2007 

( IEA,  2009) 55 

 

Figure 47 shows the fuel mix for power generation of these countries. Worldwide 68% of 

power is generated using fossil fuels. Most of the selected countries have shares of fossil fuels 

higher than 65%, and nine countries have shares higher than 80%.  

 

 

F igure  47  Fuel  mix 56 o f  la rges t  foss i l  power  genera t ing  countr ies  in  the  wor ld  (based  on  

power  genera t ion  in  TWh) in  2007 ( IEA,  2009) 

                                                
55 China includes Hong Kong 
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This paper first describes the methodology used in section 5.2. Results are presented in 

section 5.3, followed by a discussion in section 5.4. Section 5.5 finally gives conclusions. 

 

5 . 2  M e t h o d o l o g y   

The main data source used in this study is the IEA Extended Energy Balances edition 2009. 

The IEA Extended Energy Balances are the most detailed global energy statistics available. 

The advantage of using these statistics instead of national statistics is their consistency in used 

method and definitions57. In the IEA Energy Balances the fuel inputs for power plants are 

based on net calorific value (NCV)58. The output of the electricity plants is measured as gross 

production of electricity and heat. Gross electricity generation refers to the electric output of 

the electrical generator. Net electricity output refers to the electric output minus the electrical 

power utilized in the plant by auxiliary equipment such as pumps, motors and pollution 

control devices. These data therefore give CO2 intensities from a generation perspective (also 

referred to as “power generation CO2 intensity”) and not from an end use perspective (referred 

to as “end use CO2 intensity”). Power generation CO2 intensity is here defined as direct CO2 

emissions from power plants (g) per unit of gross output (kWh). End use CO2 intensity is 

defined as direct CO2 emissions from power plants (g) per unit of power consumed by end 

users (kWh). The CO2 intensity from an end use perspective is based on the power generation 

CO2 intensity and data regarding auxiliary electricity use in power plants (see section 2.1) and 

data on transmission and distribution losses (see section 2.2). 

 

In IEA statistics a distinction is made between electricity generation by “main activity 

producers” and “autoproducers”. Main activity producers, generate electricity and/or heat for 

sale to third parties, as their primary activity (IEA, 2009). Autoproducers generate electricity 

and/or heat, wholly or partly for their own use as an activity which supports their primary 

activity. Main activity producers generate 94% of global power generation in 2007 and 

autoproducers generate 6%. In this study both categories are included, because the aim is to 

look at total power generation.  

For heat supply, IEA statistics make a distinction between CHP plants and heat plants, where 

heat plants only generate heat and no electricity. In this study we only include CHP plants. In 

2007, CHP plants generate 47% of global heat generation (in CHP and heat plants), of which 

78% is generated in main-activity CHP plants and 22% in autoproducer CHP plants.  

 

In this section we first describe the methodology used for calculating auxiliary power use (see 

section 2.1) and for transmission and distribution losses (see section 2.2). The CO2 emission 

factor of fossil fuels is given in section 2.3 followed by an overview of different possible 

methods for heat correction in case of CHP in section 2.4.  

                                                                                                                                                   
56 The category other refers to wind, biomass and other renewable energy sources. 
57 The IEA gathers data by sending questionnaires to national statistics bureaus with detailed instructions on how they should be filled in. 
58 The Net Calorific Value (NCV) or Lower Heating Value (LHV) refers to the quantity of heat liberated by the complete combustion of a 
unit of fuel when the water produced is assumed to remain as a vapour and the heat is not recovered. 
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5 . 2 . 1  A u x i l i a r y  p o w e r  u s e  

Figure 48 shows the auxiliary power use as share in gross power generation in 2007 per 

country. This is based on the categories “Own electricity use in power, CHP and heat plants” 

and “electricity output from power plants” in IEA (2009). Please note that these figures are 

for total power generation, since no fuel specific shares can be calculated from IEA statistics. 

Figure 48 also shows the share of coal, oil and gas in total fossil fuel input in power plants in 

2007.  

 

 

F igure  48  Auxi l ia ry  power  use  in  power  and  hea t  p lan ts  as  share  in  gross  power  genera t ion  

in  2007 ( IEA,  2009)  

 

In 2007, 5% of global gross power generation is used by power plants and heat plants 

internally for auxiliary equipment. Figure 48 shows that there are significant differences per 

country. The share ranges from 3% for Saudi Arabia to 8% for China. These differences may 

partly be explained by the fuel mix for power generation. Some types of renewable power 

plants such as hydro plants have much lower auxiliary power use than thermal power plants, 

in the range of 0.2-0.7% of gross power generation (CERC, 2010). For fossil plants, auxiliary 

power consumption is in general higher for coal-fired power plants than for gas-fired power 

plants. The losses are site specific, but typical values are 6-8% for pulverized coal-fired power 

generation, 2-4% for gas-fired power generation and 4-6% for oil-fired power generation 

(Graus et al., 2007). New power plants have lower auxiliary losses than older power plants 

(Ecofys, 2008). Another influencing factor is pollution control. Graus and Worrell (2007) 

estimate that the power consumption of SO2 and NOx control is 1-2% of gross power 

generation for coal-fired power plants and 0.5-1% for gas-fired power plants. 
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In this paper we use the values in Figure 48 to convert total gross power generation to net 

power generation, assuming that auxiliary electricity use in heat plants (if any) is low in 

comparison to that in power and CHP plants. For most countries the heat output in heat plants 

is low in comparison to the total output of electricity and heat plants (below 5%). Two 

exceptions are Russia and China, where heat output from heat plants amounts to 35% and 

18% of total output from power and heat plants, respectively in 2007. For these countries 

auxiliary power use might be lower than the values given in Figure 48 because auxiliary 

power use in heat plants is included. However UNESCAP (2004) gives higher auxiliary 

power use in power plants corresponding to 17% in Russia and 15% in China in 2002. Values 

for 2007, based on IEA statistics, are 7% and 8%, respectively. Auxiliary power use may have 

reduced in the period 2002-2007 in these countries, but the difference seems large. For other 

countries, for which data is available in UNESCAP (2004), values for auxiliary power use are 

similar to the values based on IEA statistics, shown in Figure 48; 4% for South Korea, 3% for 

Japan, 5% for Iran, 7% for India and 8% for Australia. For India detailed statistics are 

available in CERC (2008). In these statistics, average auxiliary power losses at thermal power 

plants amounts to 8.3% in statistical year 2006/2007 and 8.2% in year 2007/2008. For large 

thermal capacity (> 500 MW) auxiliary power losses amount to 6%, for smaller thermal 

capacity (150-500 MW) to 8-9% and for small thermal capacity (<150 MW) to 10-11%. The 

share of non-thermal power generation in India is 20% of power generation, mainly generated 

by hydro power plants. For these hydro plants auxiliary power consumption amounts to 0.5% 

(CERC, 2010). Based on these data, auxiliary power use for total gross power generation in 

India amounts to 6.6% in 2007, which is close to the number based on IEA statistics which is 

6.7%. 

For the United States, NREL (2010), estimates auxiliary power use in 2010 to be  4%, which 

is the same as the share based on IEA statistics in 2007. 

Since few other data sources are available that give auxiliary power use we use IEA statistics, 

which correspond reasonably well with other found statistics.  

5 . 2 . 2   T r a n s m i s s i o n  a n d  d i s t r i b u t i o n  l o s s e s  

Electric power transmission and distribution (T&D) is the process of delivering electricity to 

end consumers. Power transmission is the transfer of bulk power between a power plant and a 

substation near a populated area, while power distribution is the delivery from the substation 

to the consumers. Transmission and distribution losses are country specific and depend e.g. 

upon: 

 Efficiency of technologies used. 

 Relative distance from power plants to end users; countries with low population 

density, or mountainous landscape may have bigger losses for this reason 

 The share of renewable energy sources in the fuel mix, which can affect the efficiency 

of the transmission and distribution system in positive and negative ways  

 The import and export of power. 
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Transmission and distribution losses cannot be calculated from IEA statistics and are 

therefore taken from the World Development Indicators (WDI) 2009 database (World Bank, 

2009), which gives transmission and distribution losses as share in total net power generation, 

see Figure 49. 

 

 

Figure  49  Transmiss ion  and  d is t r ibu t ion  losses  in  2006 (World  Bank,  2009)59 

Figure 49 shows that for the included countries, transmission and distribution losses range 

from 3.6% for South Korea to 25.4% for India, with a global average of 8.6% in 2006. The 

high transmission and distribution losses in India are partly due to overloaded electricity lines 

and related frequent outages (Zheng, 2007). Indian Government reports losses even as high as 

30-40% (Cleantech India, 2008). A part of these losses is however estimated to be a result of 

electricity theft. No statistics are available for this study that estimate the size of electricity 

theft in transmissions and distribution losses. Therefore we use the values from World Bank 

(2009) and in the discussion (section 4) we estimate the effect on results if we assume that a 

certain share of the losses in India is a result of theft. 

 

Since we include CHP plants we need to take into account heat distribution losses in order to 

be able to calculate CO2 intensity from an end use perspective. District heating suffers heat 

losses along the grid, which are a function of temperature, the degree of insulation of the 

pipelines and of the grid length (Lazzarin and Noro, 2005). No statistics are available for this 

study that give heat distribution losses on a country level. Table 33 shows the heat output of 

CHP plants in comparison to total fossil power generation. This ratio gives an indication of 

the relative importance of heat generated in CHP plants for the CO2 intensity of fossil power 

generation. 

 

                                                
59 Data for Chinese Taipei is not available in World Bank (2009), because it is included in China. Therefore the value for China is also taken 
for Chinese Taipei. 
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Table  33  Rat io  hea t  ou tput  CHP plan ts  (TJ)  and  to ta l  foss i l  power  genera t ion  (TJ)  ( IEA,  

2009)  

 2007 

Russian Federation 74% 

Germany 28% 

Italy 18% 

Korea 12% 

United States 4% 

Other countries 0% 

World 9% 

Memo: European Union-27 18% 

 

Of the included countries, Russia, Germany, Italy, South Korea and the United States are the 

only countries with heat output from CHP plants (based on IEA, 2009). Please note that heat 

output from CHP plants is not always included in IEA statistics, since only sold heat output is 

reported. The actual heat output from CHP plants may therefore be higher. 

 

For the countries that generate heat in CHP plants, based on IEA statistics, we use the 

following assumptions for heat losses in district heating as share of heat output at CHP plants: 

• For Germany, heat distribution losses in district heating networks are based on 

European Commission (2008), where heat losses amount to 13% in Germany for the 

year 2005.  

• In Russia, heat distribution losses are estimated by Bashmakov (2004) to amount to 

20%60.  

• Distribution losses for district heating are estimated to be 15% in South Korea by Park 

and Kim (2008).  

• For the United States, heat losses in district heating are based on the Con Edison steam 

system in New York, for which distribution losses amount to 13% (Ulloa, 2007). 

• Based on Lazzarin and Noro (2005), distribution losses in Italy amount to 11% in 

2000. 

 

According to Phylipsen et al. (1998) most heat generated in main activity CHP plants is used 

for district heating. We assume therefore that heat output from main activity CHP plants is 

mainly distributed via district heating networks, and heat generated by autoproducers is 

mainly used onsite for which we assume no heat distribution losses (see also section 4: 

Discussion). 

 

5 . 2 . 3  C O 2  e m i s s i o n  f a c t o r s  f u e l s  

Table 34 gives the CO2 emission factors per fuel source used in this study. These emissions 

are direct emissions from fuel combustion for electricity generation and do not include 

                                                
60 Part of the losses may be a result from the cold climate in Russia where some regions have as much as 12000 heating degree days.  
Smaller district heating systems in Russia have losses of 27% (Bashmakov, 2004). 
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emissions from the production and supply of the fuel to the power plant (e.g. gas transport, 

coal mining, liquefied natural gas (LNG) production). Also (indirect) emissions from nuclear 

power generation and from renewable energy sources are not included in the study. Including 

these emissions would increase CO2 intensity of power generation by around 10% on average 

(Hondo, 2005). 

Table  34  CO 2  emiss ion  fac tors  ( IEA,  2005) 61 

Fuel type Tonne CO2/TJncv 

Anthracite 98.3 

Coking coal / bituminous coal 94.6 

Lignite/brown coal 101.2 

Peat 106.0 

Coke oven coke, lignite coke, gas coke 108.2 

Coke oven gas 47.7 

Blast furnace gas 242.0 

Natural gas 56.1 

Crude oil / feedstocks 73.3 

Natural gas liquids 63.1 

Refinery gas 66.7 

Ethane 61.6 

Liquefied petroleum gases (LPG) 63.1 

Gasoline 69.3 

Kerosene 71.9 

Gas/diesel oil 74.1 

Heavy fuel oil 77.4 

Bitumen 80.7 

Petroleum coke 100.8 

Non-specified petroleum products 73.3 

 

To present the results we group the fuels into three groups (1) coal (including derived fuels as 

patent fuel and coke over gas and peat), (2) oil (crude oil and petroleum products) and (3) 

natural gas.  

 

5 . 2 . 4  H e a t  o u t p u t  f r o m  C H P  p l a n t s  

In 2007, global heat output from CHP plants is equivalent to 9% of gross power generation in 

2007. As shown in Table 33, Russia, Germany, Italy, South Korea and the United States are 

the only included countries with large amounts of heat output from CHP plants.  

In case of combined power and heat generation, different methods can be used for allocating 

greenhouse gas emissions to either power or heat generation. In this study five different 

methods are compared based on  

 

(1) power and heat generation,  

(2) power generation,  

(3) power loss factor,  

                                                
61 These are the same as IPCC default emission factors. 
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(4) substitution principle and  

(5) exergy method. 

 

1. Power and heat generation  

This method is based on dividing greenhouse gas emissions from power generation, including 

CHP plants, by total heat and power generation (see equation 1). This gives CO2 emissions 

per kWh heat and power generated, where greenhouse gas emissions are allocated on an equal 

basis to electricity and heat output. This method is e.g. used in the IEA publication “CO2 

Emissions from fuel combustion 1971-2007” (IEA, 2009b).  

 

Equation 1: 

 

CO2-intensity = ∑ (Ci * Ii)  /  ∑ (Pi + Hi) 

 

 

Where: 

• i =  Fuel source 1 ... n  

• Ci =  CO2 emission factor per fuel source (see Table 34) (tonne CO2/TJ) 

• Ii =   Fuel input per fuel source (TJ) 

• Pi  =  Power production per fuel source (GWh) 

• Hi =  Heat output per fuel source (GWh) 

 

2. Power generation only 

This method is based on dividing greenhouse gas emissions from power generation, including 

CHP plants, by total power generation (see Equation 2). All greenhouse gas emissions are 

thereby allocated to power generation. Heat generation is not taken into account. This method 

is not often used because countries with high levels of CHP are disadvantaged. 

 

Equation 2: 

 

CO2-intensity = ∑ (Ci * Ii)  /  ∑ (Pi) 

 

 
Where: 

• i =  Fuel source 1 ... n  

• Ci =  CO2 emission factor per fuel source (see Table 34) (tonne CO2/TJ) 

• Ii =   Fuel input per fuel source (TJ) 

• Pi  =  Power production per fuel source (TJ) 

 

3 Power loss factor 

The production of heat in a CHP plants decreases the efficiency of electricity production, 

depending on the quantity and temperature of the heat extracted for use (IEA, 2008b). “Power 
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loss factor” refers to the amount of power generation that is reduced by extracting heat in a 

CHP plant. This factor can be used to calculate the amount of power that would have been 

generated if the CHP plant had only produced power and no heat. This makes it possible to 

compare the CO2 intensity of the technology used, irrespective of heat generation.   

For district heating, the power loss factor varies between 0.15 and 0.2 (Phylipsen, et al. 1998). 

In our analysis we use a value of 0.175 for public heat supply. When heat is delivered at 

higher temperatures (e.g. to industrial processes), the substitution factor can be higher and 

vary between 0.18-0.25 (CWA, 2004). Here we use a factor of 0.22 as average for heat 

production by auto-producers, which are assumed to be largely located in industries (see also 

section 4: Discussion).  

Equation 3 shows the equation to calculate the CO2 intensity by using a power loss factor. 

This method is often used in benchmark studies that compare energy-efficiency of power 

generation (e.g. Phylipsen et al. (1998) and Graus et al. (2007)).  

 

Equation 3: 

 

CO2-intensity = ∑ (Ci * Ii)  /  ∑ (Pi + s * Hi) 

 

 

Where: 

• i =  Fuel source 1 ... n  

• Ci =  CO2 emission factor per fuel source (see Table 34) (tonne CO2/TJ) 

• Pi  =  Power production per fuel source (GWh) 

• Hi =   Heat output from CHP plants (GWh) 

• s =    Correction factor between heat and electricity, defined as the reduction in  

                   electricity production per unit of heat extracted, here 0.175 for public heat  

                   supply and 0.22 for auto-producers 

• Ii =   Fuel input power and CHP plants  

 

4. Substitution method 

Heat generated in a CHP plant is a low energy intensive way of producing heat and reduces 

the need to generate heat separately. In this method the external benefits of combined heat and 

power generation are included in the CO2 intensity factor, by taking into account the fuel use 

that would have been needed if heat was generated separately (see Equation 4). This method 

is e.g. used by Maruyama and Eckelmann (2009) to calculate energy efficiency of power 

generation (which they call “effective electric efficiency”). 
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Equation 4  

 

CO2-intensity = ∑ (Ci * (Ii - Hi/r) /  ∑ (Pi) 

 

 

Where: 

• i =  Fuel source 1 ... n  

• Ci =  CO2 emission factor per fuel source (see Table 34) (tonne CO2/TJ) 

• Pi  =  Power production per fuel source (TJ) 

• Hi =   Heat output from CHP plants (TJ) 

• r =    Reference efficiency for heat generation, here 90% 

• Ii =   Fuel input power and CHP plants  

 

5. Exergy method  

In this method the CO2 intensity is based on the exergy output from power and CHP plants 

(see Equation 5). The resulting CO2 intensity gives the CO2 emissions per kWh exergy 

produced. In thermodynamics, the exergy of a system is the maximum useful work possible 

during a process that brings the system into equilibrium with a heat reservoir. The share of 

exergy in steam (or Carnot factor) is equal to around 0.3-0.4, depending on the pressure and 

temperature of the steam (Blok, 2006). Here we use a factor of 0.3 for heat output from main 

activity producers and 0.4 for heat output from autoproducers. We assume that autoproducers 

supply heat at a higher temperature (e.g. to industries) then main activity producers, who are 

assumed to supply heat mainly to district heating systems (see also section 4: Discussion). 

Blok and Worrell (1992) estimate that the average exergy content of steam generated in 

industrial plants in the Netherlands is equal to a factor of 0.41. 

This method is e.g. used for allocation of fuel use in CHP plants to either heat or power 

generation in the Belgian benchmark covenant, where a Carnot factor of 0.39 is used for 

industrial CHP plants (Commissie Benchmarking Vlaanderen, 2008).  

 

Equation 5  

 

CO2-intensity = ∑ (Ci * Ii)  /  ∑ (Pi + Ca * Hi) 

 

   

Where: 

• i =  Fuel source 1 ... n  

• Ci =  CO2 emission factor per fuel source (see Table 34) (tonne      CO2/TJ) 

• Pi  =  Power production per fuel source (GWh) 

• Hi =   Heat output from CHP plants (GWh) 

• Ca =   Carnot factor: 0.3 for district heating and 0.4 for industrial steam  

• Ii =   Fuel input power and CHP plants 

 

126

Chapter 5



Example  

Figure 50 shows a calculation example for the CO2 intensity of a CHP plant based on these 

five methods.  

 

 

Figure  50  Calcula t ion  example  for  CHP plan t  

 

The results by using these numbers are in g/kWh: 

1. Power and heat:  5.6 / (45 + 35) * 3600 =    252 

2. Power:   5.6 / (45) * 3600 =    448 

3. Power loss factor:  5.6 / (45 + 0.175*35) * 3600  =   394 

4. Substitution:   5.6/100 * (100 - 35/0.9) / (45) * 3600 =  274 

5. Exergy:   5.6 / (45 + 0.4 * 35) * 3600 =   323 

 

This example shows that for a CHP plant, the methods result in large differences in CO2 

intensity. The power and heat method gives the lowest emission factor of 252 g/kWh, which 

is 45% below the emission factor calculated by only taking power generation into account; 

which is 448 g/kWh. 

5 . 3  R e s u l t s  

In this section, first the results for the CO2 intensity of power generation are given (5.3.1), 

followed by the CO2 intensity of power consumption (5.3.2) and lastly the CO2 emission 

reduction potential of applying best practice technology is shown (5.3.3). 

5 . 3 . 1  C O 2  i n t e n s i t y  f o r  p o w e r  g e n e r a t i o n  

Figure 51 shows the CO2 intensity of global power generation per fossil fuel type and for total 

power generation (including non fossil). 
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F igure  51  CO 2  in tens i ty  of  g lobal  power  genera t ion  by  fue l  type  in  2007  

 

For natural gas the difference in CO2 intensity is largest, since most heat is generated in gas-

fired CHP plants. Table 3 shows the highest (method 2) and lowest (method 1) CO2 intensity 

by fuel source.  

Table  35  CO 2  in tens i ty  of  g lobal  power  genera t ion  in  2007 (g /kWh) 

 Method 1 (power and 

heat) 

Method 2 (power) Difference 

method 2 /method 

1 

Gas 414 515 124% 

Coal 956 1017 106% 

Oil 704 776 110% 

Total  526 574 109% 

 

Figure 52- Figure 55 show the CO2 intensity per country in 2007 for coal, gas, oil and total 

power generation, respectively (sorted on method 5, which gives the median CO2 intensity). 
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F igure  52  CO 2  in tens i ty  of  coa l- f i red  power  genera t ion  by  country  in  200762  

 

For coal-fired power generation the difference as a result of heat correction method is 

especially large for Russia where method 2 (power) gives a 114% higher CO2 intensity than 

method 1 (power and heat); 1535 g/kWh instead of 717 g/kWh. The large difference is a 

result of a low electric efficiency of 24% and a heat efficiency of 28% in 2007.  

For EU-27, method 2 gives a 17% higher CO2 intensity than method 1 and for Germany 13% 

higher. For other countries, the difference is smaller than 10%. 

                                                
62 Saudi Arabia and Iran are not included because there is no coal-fired power generation 
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F igure  53  CO 2  in tens i ty  of  gas- f i red  power  genera t ion  by  country  in  200763  

For gas-fired power generation the difference in results between heat correction method 2 and 

1 is 110% for Germany (571 g/kWh instead of 260 g/kWh), 106% for Russia, 36% for EU27, 

20% for Italy, 15% for South Korea and 11% for United States.  

 

                                                
63 South Africa is not included because there is no gas-fired power generation 
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F igure  54  CO 2  in tens i ty  of  o i l - f i red  power  genera t ion  by  country  in  2007 64  

 

For oil-fired power generation the difference in results between heat correction method 2 and 

1 is 139% for Russia, 111% for South Korea 66% for Germany, 54% for Italy, 40% for EU27 

and 13% for the United States.  

 

                                                
64 Please note that South Africa, United Kingdom and Australia have low amount of oil-fired power generation below 5 TWh. The 
uncertainties in results are therefore expected to be high for these countries. 
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F igure  55  CO 2  in tens i ty  of  to ta l  power  genera t ion  by  country  in  2007  

 

For total power generation, the difference in CO2 intensity between method 2 and 1, is 74% 

for Russia, 28% for Germany, 18% for Italy, 18% for EU27 and 12% for South Korea. 

 

Table 36 shows the lowest and highest CO2 intensities by fuel source, based on method 5, 

including the global average and the ratio between highest and lowest. Method 5 is chosen 

because this method gives the median CO2 intensity of the included methods. 

 

Table  36:  CO 2  in tens i ty  of  power  genera t ion  by  fue l  type  (hea t  correc t ion  method 5 :  

exergy)  

 Lowest World Highest Ratio high/low 

Coal 910 (Japan) 996 1281 (India) 141% 

Gas 357 (Italy) 477 768 (Saudi Arabia) 215% 

Oil 525 (Italy) 751 1524 (Iran) 274% 

Total 424 (Italy) 558 948 (India) 224% 

 

Of the analysed countries, Italy has the lowest CO2 intensity for gas-, oil-fired and total power 

generation. India has the highest intensity for coal-fired and total power generation. The 

difference in CO2 intensity between countries is largest for oil; 174%, due to a very high 

intensity for Iran. The difference in CO2 intensity for coal is lowest with 41%. 

Global average CO2 intensity for gas-fired power generation is 53% lower than that of coal 

and 36% lower than that of oil.  
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5 . 3 . 2  C O 2  i n t e n s i t y  f o r  p o w e r  c o n s u m p t i o n  

Figure 56 shows the CO2 intensity for power consumption and power generation based on 

heat correction method 5. 

 

 

F igure  56  CO 2  in tens i ty  of  power  consumpt ion  and  genera t ion  by  country  in  2007 (based  

on  hea t  correc t ion  method 5 :  exergy)  

 

Figure 57 shows the ratio of CO2 intensity of gross power generation and CO2 intensity of net 

power consumption (auxiliary power consumption and transmission and distribution losses 

are subtracted). It shows that CO2 intensity from an end use perspective is for the included 

countries 8-44% higher than the CO2 intensity from a generation perspective.  

The ratio depends on the heat correction method used. Method 2 (power) gives a lower ratio 

for CO2 intensity of gross power generation divided by CO2 intensity of power consumption 

than the methods that take into account heat generation (1, 3, 4, and 5). This is because district 

heating has comparatively higher distribution losses than electricity generation, for most 

countries. 

In the case of CO2 intensity for power consumption, the impact of heat correction method 

becomes slightly smaller in comparison to the CO2 intensity for power generation. As an 

example, for Russia, the CO2 intensity of gross power generation by method 2 is 74% higher 

than the one by method 1, while for power consumption this is 70%.  
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F igure  57  Rat io  of  CO 2  in tens i ty  gross  power  genera t ion  and  CO 2  in tens i ty  power  

consumpt ion  (minus  100%) in  2007 
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5 . 3 . 3  E m i s s i o n  r e d u c t i o n  p o t e n t i a l  b y  i m p l e m e n t i n g  b e s t  p r a c t i c e  

t e c h n o l o g y  

Table 5 shows the CO2 intensity of power generation in case best practice technologies are 

used.  

Table  37:  Bes t  prac t ice  CO 2  in tens i ty  

 Best practice net energy 

efficiency (LHV) for new 

power plants (Graus et al., 

2009 and VGB, 2004) 

Emission 

factor 

(g/MJncv) 

(from Table 

34) 

CO2 

intensity 

(g/kWh net 

power) 

CO2 

intensity 

(g/kWh 

gross power) 

Coal 46% 94.6 740 708 

Lignite 43% 101.2 847 810 

Natural gas 60% 56.1 337 326 

Oil 50% 74.1 526 501 

 

For the conversion from net to gross power generation for new power plants, values are used 

of 5% for oil, 3.4% for new NGCC plants and 4.6% for new (pulverized) coal plants (Ecofys, 

2008).  

 

Figure 14 shows the emission reduction potential per country if all fossil power would be 

generated by using best practice technologies. The calculations assume no changes in the fuel 

mix for fossil-fired power generation per country. The best practice CO2 intensities are 

compared to the CO2 intensities calculated by method 3. Method 3 gives the CO2 intensity in 

case no heat would be produced. This means that there is an additional potential for CO2 

emission reduction by applying CHP. This is especially the case for countries that have a 

relatively low amount of CHP capacity.  

 

  

F igure  58  CO 2  emiss ion  reduct ion  poten t ia l  for  foss i l  power  genera t ion  by  implement ing  

bes t  p rac t ice  technology (Mtonne)  
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China, United States and India show high absolute emission reduction potentials of 801, 612 

and 332 Mtonne CO2, respectively. This is due to large amounts of coal-fired power 

generation with a relatively low efficiency. Also Russia has a high CO2 emission reduction 

potential of 233 Mtonne, due to a relatively low efficiency of gas-fired power generation. 

 

Figure 15 shows the CO2 emission reduction potential as share of emissions from fossil-fired 

power generation. 

  

F igure  59  CO 2  emiss ion  reduct ion  poten t ia l  for  foss i l  power  genera t ion  by  energy  

ef f ic iency  improvement  (%) 

The CO2 emission reduction potential as share of total emissions from power generation, 

ranges from 18% for Italy to 44% for India. Globally, the emission reduction potential is 29% 

in 2007, or 3344 Mtonne CO2.  

 

5 . 4  D i s c u s s i o n  

 

Input data regarding power generation, heat output and fuel input  

Uncertainties in the analysis arise mainly from the input data used regarding power 

generation, heat output and fuel input in IEA statistics. The advantage of using IEA statistics 

is that they present country statistics in a harmonized way (all power generation is given as 

gross power generation, the fuel input is based on net calorific value, combined-heat and 

power plants are included by the same statistical method). Graus et al. (2007) compare IEA 

statistics to national statistics and found that generally data are very similar with some 

exceptions. Still uncertainties can occur both in national and IEA statistics, resulting e.g. from 

estimates made by national statistics agencies to calculate fuel input for power plants.  

Table 6 shows the ratio of CO2 intensity in 2007 and 2006 (based on method 3 to ignore the 

influence of heat generation). For most countries the difference in CO2 intensity is at most 

3%. This difference can be caused by e.g. a different energy efficiency for power generation 
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(e.g. due to new installed capacity with higher than average efficiency or a difference in load 

hours), different fuels used (e.g. more lignite instead of hard coal), or unreliability of data. For 

some countries the difference is higher, e.g. in the case of Italy. For Italy a difference of 10% 

seems quite high, although Italy does have a large share of new (mainly gas-based) capacity 

commissioned in recent years (Graus and Worrell, 2009). 

It is not expected that the uncertainties in data input influences the main results of this 

analysis, in terms of the difference in results by applying different heat correction methods 

and the difference in CO2 intensity from an end use and power generation perspective or the 

order of magnitude values for CO2 emission reduction potentials. 

 

Table  38  CO 2  in tens i ty  in  2007 d iv ided  by  in tens i ty  in  2006 (method 3)  

 Coal Gas Oil Total 

World 97% 94% 95% 98% 

United States 102% 100% 95% 101% 

China 95% 103% 99% 96% 

Japan 99% 100% 101% 108% 

Russia 92% 99% 92% 94% 

India 100% 96% 95% 100% 

Germany 100% 100% 101% 102% 

United Kingdom 100% 98% 102% 98% 

South Korea 91% 101% 100% 98% 

Italy 89% 90% 86% 88% 

South Africa 101%  71% 102% 

Australia 101% 97% 97% 99% 

Mexico 107% 96% 96% 99% 

Chinese Taipei 100% 99% 106% 99% 

Saudi Arabia  100% 96% 97% 

Iran  95% 108% 98% 

EU-27 97% 91% 95% 97% 

 

CO2 emission factor fossil fuels 

Some uncertainties also arise from the CO2 emission factor used per fuel source. We based the 

analysis on IPCC default values for CO2 emission factors per fuel type (e.g. bituminous coal, 

lignite, natural gas), which are also used in IEA (2008) “CO2 emissions from fuel 

combustion”. However, the emissions factor for specific fuel types used in a country can be 

different. The uncertainty resulting from this is estimated to be 2%, based on the difference in 

CO2 emission factor for different types of bituminous, sub-bituminous and lignite coal used in 

the US (EIA, 1994).  

For some countries, the difference may be higher. Average ash content for coal in India is e.g. 

35- 40% (Mishra, 2003). It is uncertain however if the ash content of coal influences in some 

way the CO2 emission factor of the fuel (in g CO2/MJ). There is on the other hand, a clear 

impact of ash content on energy efficiency of power generation (Siddharta Bhatt, 2006). For 

India, energy efficiency of coal-fired power generation is only 29% (method 3) in 2007, 

which is likely to be partly a result of the quality of the coal. The efficiency of power 

generation influences the CO2 intensity (g/kWh), since fuel input is multiplied by the CO2 
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emission factor to get to total CO2 emissions, which is consequently divided by power (and 

heat) generation. 

Transmission and distribution losses 

The difference between CO2 intensity for power generation and consumption is based on the 

size of transmission and distribution losses. However it was found that a certain share of the 

transmission and distribution losses may not be a result of actual losses but of theft. This 

seems especially the case for India. If we assume that 50% of the T&D losses in India are 

caused by theft, than the CO2 intensity based on power consumption reduces to 1163 g/kWh 

in 2007 instead of 1361. As a comparison, CO2 intensity of power generation is 948g/kWh for 

India in 2007. 

 

Heat quality 

Another source of uncertainty arises from assumptions regarding heat temperature and 

pressure of steam, that influences the power loss factor (method 3) and the exergy content of 

heat (method 5). It is assumed that heat generated in main activity CHP plants is mainly used 

for district heating, with lower temperature/pressure than autoproducers that is assumed to be 

mainly used for higher temperature heat supply to industry. However a certain share of 

autoproducer CHP plants may produce heat with lower temperatures than industries (e.g. 

hospitals) and, on the other hand, some main activity CHP plants can be located at industrial 

sites to supply steam at high pressure. Here we calculate the impact of this uncertainty on 

results for Russia, who has the highest heat supply of the included countries. For this purpose 

two case are calculated, one low case where all heat is used for district heating (power loss 

factor of 0.175 and exergy content of 0.3) and one high case where all heat generated is used 

in industries (power loss factor of 0.22 and exergy content of 0.4). This leads to the following 

results in g CO2 per kWh power generated:  

• This study:  553 method 3 (power loss factor) and 510 method 5 (exergy)  

• Low case:  556 method 3 (power loss factor) and 517 method 5 (exergy)  

• High case:  540 method 3 (power loss factor) and 487 method 5 (exergy)  

Based on this, the impact of uncertainty in heat quality on CO2 intensity of power generation, 

is estimated to be at most 2% for method 3 and 5% for method 5, in Russia. For other 

countries, the impact will be lower, due to lower amounts of heat generation. 

 

Heat distribution losses 

A related source of uncertainty is due to assumptions made regarding heat supply losses and 

the share of heat that is used for district heating with related (country specific) heat losses. In 

the study it is assumed that heat generated in main activity CHP plants is mainly used for 

district heating and heat generated in autoproducers is assumed to be used on site. However a 

certain share of main activity CHP plants may be located at industrial sites with no or low 

heat distribution losses. To estimate the impact of this uncertainty on the results we calculate 

again a low and a high case for Russia, where in the low case where, 50% of heat in main 

activity CHP plants is used onsite with no heat losses (same as autoproducers) and a high case 

where all heat in main activity CHP plants is used for district heating with related heat losses 
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and also heat generated in autoproducers is subject to a limited amount of heat losses of 5% 

for heat transfer from plant to actual place of use. 

This leads to the following results in g CO2 per kWh power consumed (based on method 1: 

power and heat, where the influence will be highest since heat generation has most impact on 

CO2 emission factor):  

• This study: 434  

• Low case:  450  

• High case: 453 

Based on this, the impact of uncertainty in heat distribution losses on CO2 intensity of power 

generation in Russia, is estimated to be at most 4% for method 1. For other countries and 

methods, the impact will be lower 

 

5 . 5  C o n c l u s i o n s  

In this study it was found that the heat correction method used to calculate CO2 intensity of 

power generation has a large impact on the CO2 intensity for countries with relatively large 

amounts of combined heat and power generation. Method 2 (power) gives highest CO2 

intensity, followed by method 3 (power loss factor) and method 5 (exergy). Method 1 (power 

and heat) gives lowest CO2 intensity, followed by method 2 (substitution). Of the analysed 

countries, the difference in CO2 intensity is found to be especially large for Russia, Germany 

and Italy (method 2: substitution gives 74%, 28% and 18% higher CO2 intensity than method 

1: power, respectively, for total power generation in 2007). Hence, analyses should clarify the 

method used when communicating results. 

Table 7 in the appendix shows CO2 intensity of total power generation for the 100 largest 

electricity producing countries worldwide. This table shows that of these countries, two have 

a higher difference in CO2 intensity than Russia. These are Kazakhstan, where CO2 intensity 

ranges from 488 g/kWh to 1181 g/kWh (142% difference), and Belarus: 327 g/kWh to 720 

g/kWh (121% difference). Other countries for which heat correction method has a large 

impact are Denmark (69%), Lithuania (57%) and Finland (50%). For the other countries the 

difference is below 50%. 

It is not straightforward which method should be used in which situation. Method 1 (heat and 

power) and method 2 (power) are not recommended because the first does not take into 

account the difference in quality of energy and Method 2 (power) does not take into account 

heat generation. Method 3 (power loss factor), on the other hand, can be used to recalculate 

CO2 intensities based on a situation where no heat would have been generated, by taking into 

account the decrease of electricity generation as a result of heat extraction in CHP plants. 

Method 4 (substitution) can be used to calculate CO2 emissions of electricity use, while taking 

into account external benefits of CHP plants, by reduced fuel use for separate heat generation. 

These external benefits are not taken into account in any of the other methods. Method 5 

(exergy), lastly, can be of importance from a thermodynamic point of view. The “quality” of 

energy in terms of the amount of useful work possible is taken into account, which means that 
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electricity generation is of more value than heat generation, depending on e.g. heat 

temperature.  

 

This study furthermore estimates that CO2 intensity from an end use perspective is for the 

included countries 8-44% higher than the CO2 intensity from a generation perspective, with 

15% as a global average in 2007. The difference depends on the size of transmission and 

distribution losses and the size of auxiliary power use in power plants. Note that the high 

value for India of 44% would reduce to 23%, if half of the transmission and distribution 

losses would result from theft. 

 

CO2 emissions from power generation can be reduced, by using best practice technology for 

fossil power generation, by end use electricity savings or by fuel switch (from coal to gas or 

from fossil to non-fossil). This paper estimates a potential for applying best practice 

technology of 11%-38% savings for the analysed countries, with 23% as global average. 

Another way to reduce CO2 emissions from power use is reducing transmission and 

distribution losses. This study shows that there are large difference between losses per 

countries ranging from 4%-25%, with 9% as global average. It seems likely that at least in 

certain countries these losses can be reduced. 
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5 . 7  A p p e n d i x  

Table 7 shows CO2 intensity of total power generation for the 100 largest electricity 

producing countries worldwide. 

Table  39:  CO 2  in tens i ty  to ta l  power  genera t ion  by  country  and  hea t  correc t ion  method in  

2007 (g /kWh)   

Country 1: 

Power 

and heat 

2: 

Power 

3: 

Power 

loss 

4: 

Substi-

tution 

5: 

Exergy 

Difference: 

2/1 

Algeria 600 600 600 600 600 100% 
Argentina 354 354 354 354 354 100% 
Australia 921 921 921 921 921 100% 
Austria 197 237 228 201 222 120% 
Azerbaijan 439 537 517 483 503 122% 
Bahrain 851 851 851 851 851 100% 
Bangladesh 671 671 671 671 671 100% 
Belarus 327 720 591 452 522 221% 
Belgium 232 252 248 233 246 108% 
Bosnia and Herzegovina 982 1021 1012 1006 1005 104% 
Brazil 71 71 71 71 71 100% 
Bulgaria 539 689 657 597 636 128% 
Canada 207 210 210 207 209 101% 
Chile 389 389 389 389 389 100% 
China (including Hong 

Kong) 

823 823 823 823 823 100% 

Chinese Taipei 653 653 653 653 653 100% 
Colombia 129 129 129 129 129 100% 
Costa Rica 73 73 73 73 73 100% 
Croatia 396 475 459 427 448 120% 
Cuba 858 858 858 858 858 100% 
Czech Republic 585 763 723 650 697 130% 
Democratic Republic of 

Congo 

3 3 3 3 3 100% 

Denmark 335 565 502 424 464 169% 
Dominican Republic 629 629 629 629 629 100% 
Ecuador 327 327 327 327 327 100% 
Egypt 453 453 453 453 453 100% 
Estonia 829 979 949 923 928 118% 
Finland 164 245 225 170 213 150% 
France 85 92 90 73 89 108% 
Georgia 163 172 170 160 169 105% 
Germany 442 566 537 507 517 128% 
Greece 760 766 765 763 764 101% 
Guatemala 365 365 365 365 365 100% 
Hungary 344 437 417 371 404 127% 
Iceland 0 0 0 0 0 118% 
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Country 1: 

Power 

and heat 

2: 

Power 

3: 

Power 

loss 

4: 

Substi-

tution 

5: 

Exergy 

Difference: 

2/1 

India 948 948 948 948 948 100% 
Indonesia 696 696 696 696 696 100% 
Iraq 819 819 819 819 819 100% 
Ireland 437 437 437 437 437 100% 
Islamic Republic of Iran 539 539 539 531 539 100% 
Israel 777 777 777 777 777 100% 
Italy 382 452 436 407 424 118% 
Jamaica 795 795 795 795 795 100% 
Japan 451 451 451 451 451 100% 
Jordan 591 591 591 591 591 100% 
Kazakhstan 488 1181 946 644 828 242% 
Korea 455 509 497 473 487 112% 
Korea, DPR 477 477 477 477 477 100% 
Kuwait 651 651 651 651 651 100% 
Kyrgyzstan 86 97 95 60 93 113% 
Lebanon 645 645 645 645 645 100% 
Libyan Arab Jamahiriya 853 853 853 853 853 100% 
Lithuania 107 168 152 79 142 157% 
Malaysia 627 627 627 627 627 100% 
Mexico 551 551 551 551 551 100% 
Morocco 724 724 724 724 724 100% 
Mozambique 0 0 0 0 0 100% 
Netherlands 394 527 496 442 476 133% 
New Zealand 276 276 276 276 276 100% 
Nigeria 416 416 416 416 416 100% 
Norway 3 3 3 3 3 101% 
Oman 867 867 867 867 867 100% 
Pakistan 436 436 436 436 436 100% 
Peru 188 188 188 188 188 100% 
Philippines 456 456 456 456 456 100% 
Poland 706 965 904 830 865 137% 
Portugal 380 411 404 391 398 108% 
Qatar 626 626 626 626 626 100% 
Romania 447 628 586 511 559 141% 
Russian Federation 363 631 556 431 510 174% 
Saudi Arabia 742 742 742 742 742 100% 
Serbia 749 791 782 774 774 106% 
Singapore 538 538 538 538 538 100% 
Slovak Republic 232 285 274 221 266 123% 
Slovenia 384 432 423 386 416 112% 
South Africa 862 862 862 862 862 100% 
Spain 391 391 391 391 391 100% 
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Country 1: 

Power 

and heat 

2: 

Power 

3: 

Power 

loss 

4: 

Substi-

tution 

5: 

Exergy 

Difference: 

2/1 

Sri Lanka 398 398 398 398 398 100% 
Sweden 25 30 29 12 28 121% 
Switzerland 4 5 4 4 4 105% 
Syrian Arab Republic 611 611 611 611 611 100% 
Tajikistan 32 34 34 20 33 106% 
Thailand 541 541 541 541 541 100% 
Tunisia 560 560 560 560 560 100% 
Turkey 484 515 508 500 504 106% 
Turkmenistan 799 906 886 876 871 113% 
Ukraine 413 489 473 445 462 119% 
United Arab Emirates 835 835 835 835 835 100% 
United Kingdom 506 506 506 506 506 100% 
United States 552 572 568 563 566 104% 
Uruguay 106 106 106 106 106 100% 
Uzbekistan 487 639 606 560 584 131% 
Venezuela 210 210 210 210 210 100% 
Vietnam 419 419 419 419 419 100% 
Zambia 7 7 7 7 7 100% 
Zimbabwe 582 582 582 582 582 100% 
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6  Trend in  e f f i c iency  and  capac i ty  o f  foss i l  power generat ion  

in  the  EU 65 

A b s t r a c t  

The purpose of this study is to determine past and future energy-efficiency of fossil power 

generation in EU-27. It is found that the average efficiency for gas-fired power generation in 

the EU increased sharply from 34% in 1990 to 50% in 2005 and is expected to increase to 

54% by 2015 (based on lower heating value). For coal-fired power generation the efficiency 

increased from 34% in 1990 to 38% in 2005 and is expected to increase to 40% by 2015. The 

improvements largely depend on the amount of new generating capacity that is installed. The 

amount of natural gas-based generating capacity has strongly increased in the last 15 years. 

The share of gas-fired power generation in total fossil power generation in the EU increased 

from 11% in 1990 to 34% in 2005 and is expected to increase to 46% by 2015. The average 

CO2-intensity for fossil-fired power generation in the EU decreased from 920 g/kWh in 1990 

to 720 g/kWh in 2005, mainly due to a shift from coal to natural gas and an energy-efficiency 

increase of gas-fired power generation. For the period 2005-2015 another decrease is expected 

from 720 to 630 g/kWh. 

 

 

                                                
65 Published in Energy Policy, Vol. 37 (2009), pp. 2147-2160. Co-author is Ernst Worrell. 
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6 . 1  I n t r o d u c t i o n  

In 2005, 40% of primary energy supply in the EU-27 was used to produce power, of which 

55% is generated by fossil fuel sources (IEA, 2007). Greenhouse gas emissions from fossil 

fuel combustion for power generation, account for approximately 30% of total greenhouse gas 

emissions in the EU (WRI, 2008). Improving the energy-efficiency of fossil-fired power 

generation is one of the key measures to reduce these greenhouse gas emissions and to 

mitigate other unwanted effects of the use of fossil fuels like a decrease of most pollutants and 

an increase of security of energy supply. Currently 65% of fossil fuel use in the EU is net 

imported (IEA, 2007).  

 

In this study we look at the trend in energy-efficiency of fossil-fired power generation in the 

EU in the past and give a forecast for future energy-efficiency. The main question is how 

much energy-efficiency has improved in the period 1990-2005 and what developments can be 

expected for the period 2005-2015. The energy-efficiencies of historic fossil-fired power 

generation are based on IEA statistics. The energy-efficiency for future power generation is 

based on surveyed utilities on the efficiency of power plants that have been recently built (in 

the period 1997-2007), are currently under construction, or planned (in the period 2008-2015).  

 

This paper is structured as follows. Section 6.2 describes the used methodology. Section 6.3 

gives the fuel mix of power generation in EU countries in 2005 and Section 6.4 compares 

current energy-efficiency levels in different EU countries. In section 6.5 the historic 

development of average energy-efficiency in the EU is given for the period 1990-2005. 

Section 6.6 gives an outlook of future developments of the energy-efficiency of new fossil 

power plants and CO2-intensity. Lastly, section 6.7 gives results and conclusions of the study 

and section 6.8 discusses uncertainties in the results.  
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6 . 2  M e t h o d o l o g y  

This section gives an overview of the methodology applied and discusses input data used for 

the study. 

 

The methodology used to calculate the historic energy efficiency of power generation is based 

on the “Handbook of International Comparisons of Energy Efficiency in the Manufacturing 

Industry” (Phylipsen et al., 1998a) and Phylipsen et al. (1998b). The energy-efficiency of 

electricity generation is defined as the energy content of produced electricity divided by 

primary energy input, based on net calorific value or lower heating value. A structural 

difference that occurs between countries is the occurrence of cogeneration of heat, either for 

industrial purposes or for district heating. Heat extraction causes the energy efficiency of 

electricity generation to decrease although the overall efficiency for heat and electricity 

production is higher than when the two are generated separately. Therefore, a correction for 

heat extraction is applied.  

 

Formula 1 is used to calculate the energy efficiency of power generation:   

 

E = (P  + H*s) / I.       (1) 
 

Where: 

E =  Energy efficiency of power generation  

P  =    Power production from public power plants and public CHP plants66  

H =  Heat output from public CHP plants  

s =  Correction factor between heat and electricity, defined as the reduction in electricity 

production per unit of heat extracted 

I =  Fuel input for public power plants and public CHP plants  

 

The correction factor for heat extraction reflects the amount of electricity production lost per 

unit of heat extracted from the electricity plant(s). For district heating systems, the 

substitution factor varies between 0.15 and 0.2. In our analysis we have used a value of 0.175. 

It must be noted that when heat is delivered at higher temperatures (e.g. to industrial 

processes), the substitution factor can be higher, up to 0.25. However, the amount of high-

temperature delivered to industry by public power generation is small in most countries 

(Phylipsen et al, 1998a). We estimate that the effect on the average efficiency on a national 

level is not more than an increase of 0.5 percent point. 

 

The energy-efficiencies calculated concern electric power production. This means that 

transmission and distribution losses are not taken into account. These losses vary generally 

                                                
66 By public power plants or main power plants is meant plants operated by enterprises which are producing the electricity and/or heat for 
sale as their main business in contrast to plants operated by enterprises which are not producing the energy as their main business but 
primarily for their own consumption. The second group is called autoproducers. 
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between 4% to over 10% and reduce the overall efficiency of power supply by several percent 

points. 

6 . 2 . 1  I n p u t  d a t a  f o r  h i s t o r i c  e f f i c i e n c i e s  

The input data for calculating energy-efficiencies for the period 1990-2005 are taken from 

IEA Energy Balances edition 2007. The advantage of using IEA Energy Balances in 

comparison to national statistics is its consistency (over time) on a number of points: 

• Energy inputs for power plants are based on net calorific value (NCV)67. Please note that 

energy efficiencies based on net calorific value are higher than efficiencies based on gross 

calorific value. The difference is around 10% for natural gas (5-6 percent points), 3% for 

coal (1 percent point) and 7% for oil (3 percent point), but depends on fuel type 

characteristics.  

• The output of the electricity plants is measured as gross production of electricity and heat. 

This is defined as the “total electricity production without subtracting the auxiliary 

electricity consumption and losses in transformers at the power station”. Power used for 

auxiliary equipment is typically 1.5-3 percent points for coal-fired power plants and 1-2 

percent points for natural gas-fired power plants (FirstEnergy Corp., 1999). The calculated 

historic energy-efficiencies therefore do not refer to actual net electricity output. IEA 

statistics and most national statistics do not allow calculating energy-efficiencies for net 

power generation. 

• A distinction is made in IEA statistics for electricity production from autoproducers 

(industrial (decentralised) power plants) and public or main power plants.  

 

In this study we take into account public power plants and public CHP plants. Power 

generation by autoproducers is not taken into account. In 2005 the power generation of 

autoproducers accounts for 8% of total power generation in the EU.  

 

We distinguish three types of fossil fuel sources: coal and coal products, crude oil and 

petroleum products and natural gas. We will refer to these fuel sources as coal, oil and gas, 

respectively. 

6 . 2 . 2  I n p u t  d a t a  f o r  f u t u r e  e f f i c i e n c i e s  

Data input regarding new power plants is taken from Graus et al. (2008). In this study surveys 

were sent to utilities regarding energy-efficiency of recently built (period 1997-2007) and new 

power plants (planned in period 2008-2015) in the EU. In total data was gathered for 68 

power plants of which 16 coal-fired power plants and 52 gas-fired power plants. This 

corresponds to around 25% of total recently built and new power plants in the EU.  

The energy-efficiency in this source is given as net design energy-efficiency (also called 

name-plate efficiency). This is a static energy-efficiency and gives the energy-efficiency if a 

plant operates at best performance. The operational energy-efficiency is the year-round 

                                                
67 The Net Calorific Value (NCV) or Lower Heating Value (LHV) refers to the quantity of heat liberated by the complete combustion of a 
unit of fuel when the water produced is assumed to remain as a vapour and the heat is not recovered. 
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average efficiency of a plant and is usually a few percent points lower than the design 

efficiency. An important factor influencing operational efficiency is the amount of full load 

hours. Operational efficiency is typically 1-2 percent point lower than design energy-

efficiency if the plant operates at 85% capacity (7,500 full load hours). If the power plant 

operates at 50% capacity the operational efficiency is typically 3-4 percent point lower (VGB 

Powertech, 2004).  

In order to be able to make the efficiency of new capacity comparable to the calculated 

historic efficiencies, we convert these efficiencies from net to gross efficiency by adding 2 

percent points for coal-fired capacity and 1.5 percent points for gas-fired capacity. For the 

conversion from the design efficiency to operational efficiency we subtract 2 percent points.  

 

6 . 2 . 3  C a l c u l a t i o n  C O 2 - i n t e n s i t y  

In this study we calculate CO2 emissions intensities for fossil-fired power generation in the 

EU in 1990 and 2005 and give an estimate for 2015.  

 

There are several ways of calculating CO2-intensities (g CO2/kWh) for power generation, 

depending on the way combined heat and power generation is taken into account. In this study 

we use the same method as for calculating energy-efficiency and correct for heat generation 

by the correction factor of 0.175 (see Formula 2). 

 

CO2-intensity = ∑(1/Ei  * Ci * Pi ) /  ∑ Pi    (2) 
 

Where: 

• i = Fuel source 1 ... n  

• Ei =  Energy-efficiency power generation per fuel source (see Formula 1) 

• Ci =  CO2 emission factor per fuel source (tonne CO2/TJ) 

• Pi  =  Power production from public power and CHP plants per  fuel source 

 (MWh) 

 

Table 40 gives the CO2 emission factors per fuel source. 

 

Table  40  CO 2  emiss ion  fac tor  for  foss i l  fue l  sources  ( IEA,  2005)  

Fuel type Tonne CO2/TJncv 

Hard coal 94.6 

Lignite 101.2 

Natural gas 56.1 

Oil 74.1 

Other fuels (biomass, nuclear, etc)  0 
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6 . 3  F u e l  m i x  f o r  p o w e r  g e n e r a t i o n  

Figure 60 shows the absolute and relative fuel mix for total electricity production per country 

in 2005 based on electricity output.  

 

 

F igure  60   Fuel  mix  power  genera t ion  by  country  in  2005 

 

Power generation in the EU is largest in Germany and France with more than 500 TWh, each. 

Total power generation in the EU increased by 27% in the period 1990-2005, from 2,570 to 

3,270 TWh. As a comparison power generation in the United States is 4,300 TWh in 2005 

and in China 2,500 TWh. The share of fossil fuels in the average fuel mix in the EU is 31% 

for coal, 20% for gas and 4% for oil. The remaining fuel mix consists of 30% nuclear power, 

9% hydro power and 5% power generation from other renewables. 
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6 . 4  C u r r e n t  e n e r g y -e f f i c i e n c y  o f  f o s s i l  p o w e r  g e n e r a t i o n   

Figure 61-Figure 64 show the energy-efficiency for coal, natural gas, oil and average fossil-

fired power generation, respectively. Besides EU-27 countries, also Japan, United States, 

China and South Korea are included for comparison reasons. To take into account uncertainty 

in energy-efficiency values for individual years, we take the average energy efficiency for the 

last three years available (2003-2005). For a discussion of the advantage and disadvantage of 

using a three-year average versus a single year value see Section 8.  

 

 

F igure  61  Gross  energy-ef f ic iency  of  coa l- f i red  power  genera t ion  (based  on  IEA,  2007) 68 

 

The energy efficiencies for coal-fired power generation range from 28% for Slovak Republic 

to 43% for Denmark.  

 

                                                
68 Cyprus, Latvia, Lithuania, Luxembourg and Malta are not included because in these countries coal-fired power generation is zero. 
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F igure  62  Gross  energy-ef f ic iency  gas- f i red  power  genera t ion  (based  on  IEA,  2007)69 

 

For gas-fired power generation the efficiencies range from 30% for Bulgaria to 55% for 

Spain.   

 

 

F igure  63  Gross  energy-ef f ic iency  o i l - f i red  power  genera t ion  (based  on  IEA,  2007)70 

 

For oil-fired power generation the efficiencies range from 23% for Czech Republic to 46% for 

Japan. Note that overall oil-fired power generation is low in the EU with a share of only 7% 

of total fossil-fired power generation. 

 

                                                
69 Cyprus and Malta are not included because in these countries gas-fired power generation is zero. 
70 Luxembourg is not included because oil-fired power generation in Luxembourg is zero. 
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F igure  64  Gross  energy-ef f ic iency  foss i l - f i red  power  genera t ion  (based  on  IEA,  2007) 

 

For overall fossil-fired power generation, the efficiencies range from 30% for Bulgaria to 

55% for Luxembourg.  

 

The difference between individual country efficiencies is large. The energy-efficiency for 

coal-fired power generation is 54% higher in the country with the highest energy-efficiency 

than in the country with the lowest energy-efficiency. For gas-fired power generation this is 

80% and for oil-fired power generation 100%. On average for fossil-fired power generation 

the difference is 80%. This means that the energy-efficiency improvement potential for the 

country with the lowest energy-efficiency amounts to 45% if the efficiency would be 

improved to the level of the country with the highest energy-efficiency. 

 

The differences in energy-efficiency per country are mainly a result of the type of technology 

used (e.g. turbine temperature and pressure). Other factors influencing efficiency are the fuel 

type used (e.g. coal versus lignite), air temperature and cooling method applied, altitude, 

operation and maintenance, pollution abatement technologies and average capacity factors of 

power stations. Weather conditions can cause gains and losses for steam cycles and gas 

turbines and is a structural negative for countries with a warmer climate. The effect on 

energy-efficiency can be up to 1.5-2 percent points. Generally the effect of maintenance on 

operational energy efficiency of a plant is small and below 0.5 percent point. However in 

individual cases, where there is a deficiency in maintenance, the effect can be up to 3-5 

percent points (Ernst & Whinney, 1988). The effect of load hours on operational efficiency 

can be up to 5 percent points for a power plant operating on 30% capacity instead of 85% 

capacity (VGB Powertech, 2004). 

In the case of countries with small amounts of gas-fired power generation, the low efficiency 

may be a result of the use of peaking plants, which are often not built for high efficiency. This 

is further discussed in Section 5. 
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6 . 5  H i s t o r i c  t r e n d  i n  e n e r g y -e f f i c i e n c y  

In order to determine a trend for energy-efficiency of fossil-fired power generation in the EU 

we first look at how the energy-efficiency has developed over the past and how this relates to 

the commissioning of new generating capacity. It is assumed that since the efficiency for new 

power plants has improved over the past, the amount of new capacity installed has an impact 

on the average generating efficiency. 

 

The energy-efficiency of fossil power plants has improved continuously over the past. Figure 

65 shows the trend for energy-efficiency improvement for coal-fired power plants.  

 

 

F igure  65  Pas t  and  pro jec ted  fu ture  development  in  e f f ic iency  of  Elsam’s  coa l- f i red  power  

p lan ts  (Tech-wise  A/S ,  2003)  

 

The figure shows an improvement of energy-efficiency for new coal-fired power plants of 

0.8%/year for the period 1970-2000.  

 

The energy-efficiency for gas-fired power plants has gradually improved since the 1980s. 

While efficiencies in the 1980s were still below 50%, currently the most modern combined 

cycles can have efficiencies of nearly 60% (Hendriks at al, 2004), corresponding to an 

energy-efficiency improvement for new plants of about 0.7%/year in the last fifteen years. 

 

Figure 66 shows the development of the average generating efficiency for EU-27 per fossil 

fuel source.  
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F igure  66  Average  energy-ef f ic iency  EU27 per  fue l  source  (based  on  IEA,  2007) 

 

The energy-efficiency of gas-fired power generation shows a sharp increasing trend from 34% 

in 1990 to 50% in 2005, corresponding to 2.6% per year. The energy-efficiency in 1990 is 

quite low. Of the installed capacity in 1990, 73% is based on steam turbines, of which 70% is 

installed in Germany, Italy, Romania and the Netherlands (Platts, 2008). Only 5% is based on 

combined-cycle technology. The sharp increase of the efficiency for gas-fired power 

generation is due to the large amount of new capacity, based on combined-cycle technology, 

that has been installed in the EU27 of the last 15 years with high energy efficiencies in the 

range of 55-57% (Graus et al., 2008).  

For coal-fired power generation the efficiency increased from 34% in 1990 to 38% in 2005, 

corresponding to 0.6% per year and for oil-fired power generation from 36% to 40%, 

corresponding to 0.8% per year. The sharp energy-efficiency improvement of gas-fired power 

generation is mainly a result of the use of a new generation of technology (combined-cycle) 

while the improvement for coal-fired power generation is a mainly a result of incremental 

improvement in conventional technology. 

 

The development of energy-efficiency depends on the amount of new (more efficient) 

capacity that has been installed and by the upgrading of existing plants (especially in new 

member states). Figure 67 shows the development of total power generation per fuel source in 

the period 1990-2015. 
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F igure  67  Power  genera t ion  in  EU27 per  fue l  source  ( IEA,  2007) 

 

Total coal-fired power generation increased slightly from 900 to 950 TWh. Gas-fired power 

generation increased from 140 TWh in 1990 to 550 TWh in 2005. Oil-fired power generation 

decreased from 190 TWh to 100 TWh in the same period. 

Figure 68 shows the energy-efficiency for gas-fired power generation combined with the 

average age of the gas-fired power plant fleet. Every point in the graph represents a different 

country. The average age of the power plant fleet is based on the World Electric Power Plant 

Database (WEPP)  (Platts, 2008), which gives details of power plants on a per country basis. 

The average age of the power plant fleet is weighted by the size of the power plants (in MW 

installed capacity). It would be better to weigh by actual power generation on plant level to 

determine average age of power plant fleet, but this information is not available for this study. 

 

 

F igure  68  Energy-ef f ic iency  (%)  in  2005 and  average  age  of  opera t iona l  capac i ty  (years)  

by  the  end  of  2005 (weighted  by  capac i ty)   
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Figure 68 shows a relation between the average age of the gas-fired power plants and average 

country energy-efficiency. However there are still large differences between countries. E.g. 

the efficiency power plant fleets with an average of 10 years ranges from 45%-55%. 

 

Table 41 gives the underlying data of Figure 68. In the table, also the average for the years 

2003-2005 is shown as comparison to the energy-efficiency in 2005. A discussion on the 

advantage and disadvantage of using a three-year average versus a single year value can be 

found in Section 8. 

 

Table  41  Energy-ef f ic iency  in  2003-2005 and  2005,  and  average  age  of  opera t iona l  

capac i ty  by  the  end  of  2005 for  gas  (weighted  by  capac i ty)   

Gas-fired plants 

Average 

age 

Energy-

efficiency 

2005 

Average 

efficiency 

2003-2005 

Poland 3 34% 33% 

Spain 4 58% 55% 

Portugal 4 55% 54% 

Slovenia 4 42% 39% 

Luxembourg 5 55% 55% 

United Kingdom 10 52% 52% 

Belgium 10 51% 50% 

France 10 48% 48% 

Denmark 10 45% 45% 

Italy 11 55% 52% 

Finland 12 49% 49% 

Greece 13 43% 46% 

Netherlands 16 46% 47% 

Austria 17 46% 46% 

Hungary 17 40% 39% 

Ireland 17 49% 49% 

Czech Republic 18 35% 34% 

Latvia 20 34% 34% 

Germany 21 46% 45% 

Sweden 22 34% 34% 

Slovakia 24 37% 37% 

Estonia 25 36% 35% 

Bulgaria 29 32% 30% 

Lithuania 29 33% 33% 

Romania 33 32% 30% 

 

The gas-fired power plant fleet in Spain is quite new and the energy-efficiency is 

correspondingly high with 58% in 2005. Please note that the average energy-efficiency for 

2003, 2004 and 2005 is 55%. From 2004 to 2005 gas-fired power generation in Spain 

increased from 32 TWh to 54 TWh. 

In Denmark the average age of the gas-fired power plant fleet is 10 years and the average 

energy efficiency is relatively low with 45%. Most of the gas-fired power plants in Denmark 
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are however small-scale CHP plants below 100 MW, which have lower efficiencies than large 

scale combined-cycle plants.  

Although the average age of gas-fired power plants in Germany is relatively high 21 years, 

the energy-efficiency is quite high with 46%. 30% of the gas-fired power plants in Germany 

are combined-cycles. 

 

Two countries, where the capacity is relatively new and the efficiency is low, are excluded 

from the figure, because gas-fired power generation in both countries is very low. These are:  

 In Poland, most gas-fired power plants are built after 1998. Most of these plants are 

small single-cycle CHP plants with a capacity range of 2 - 150 MW per plant. The 

total amount of power generation from these plants is small, only 3 TWh in 2005. 

 In Slovenia, gas-fired power generation is very small with only 0.2 TWh in 2005. The 

major share of gas-fired power generation is generated by a single-cycle gas-fired 

power plant of 460 MW capacity, built in 2001. Due to the small amount of gas-fired 

power generation this plant is probably only used for peak load.  

 

Figure 69 shows the energy-efficiency for coal-fired power generation in combination with 

the average age of the coal-fired power plant fleet. 

 

 

F igure  69  Energy-ef f ic iency  in  2005 (%)  and  average  age  of  opera t iona l  capac i ty  (years)  

by  the  end  of  2005 (weighted  by  capac i ty)  (P la t t s  (2008)  and  IEA (2007)) 

 

The average age of coal-fired power plants is much higher than the average age of gas-fired 

power plants. There is only a weak relation between age and energy-efficiency. Since the age 

of the fleets is quite high, many other factors play a role in energy-efficiency like applied 
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modernisations. Table 42 gives the underlying data per country. Also the average for the years 

2003-2005 is shown as comparison to the energy-efficiency in 2005.  

 

Table  42  Energy-ef f ic iency  in  2003-2005 and  2005,  and  average  age  of  opera t iona l  

capac i ty  by  the  end  of  2005 for  coa l  (weighted  by  capac i ty) 

Coal-fired plants  

Average 

age 

Energy-

efficiency 

2005 

Average 

efficiency 

2003-2005 

Portugal 16 39% 40% 

Ireland 19 40% 39% 

Netherlands 21 43% 40% 

Austria 21 41% 41% 

Denmark 23 43% 43% 

Greece 23 35% 35% 

Germany 25 40% 39% 

Spain 25 39% 38% 

Finland 26 38% 38% 

Romania 27 35% 35% 

Poland 29 37% 36% 

Bulgaria 30 29% 30% 

France 30 39% 39% 

Sweden 31 31% 36% 

Czech Republic 31 31% 32% 

Italy 31 37% 38% 

United Kingdom 33 39% 38% 

Slovenia 34 36% 35% 

Belgium 34 38% 40% 

Slovakia 36 29% 28% 

Hungary 37 32% 31% 
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6 . 6  F u t u r e  t r e n d  i n  c a p a c i t y  a n d  e n e r g y -e f f i c i e n c y  

Table 43 gives current energy-efficiency levels for new power plants by applying best 

available technology per type of fossil fuel source. The efficiencies are applicable for large-

scale power plants (> 300 MW) and a cooling water inlet temperature of 20 ºC. The 

efficiencies are net design efficiencies based on net calorific value.  

 

Table  43  Energy  ef f ic iency  of  bes t  ava i lab le  technology in  2008 (based  on  European  

Commiss ion  (2006) ,  Hendr iks  e t  a l .  (2004) ,  PowerFuel  (2008))  

Technology Fuel Net 

energy-

efficiency 

Best practice plant (based on available 

information for this study) 

Coal 46% Nordjyllandsvaerket, Denmark, Vattenfal 

Operational in 1998, 580 ºC 

Efficiency 47% 

Pulverised coal steam cycle 

(ultra-supercritical) 

Lignite 43% Niederaussem, Germany, RWE 

Operational in 2002, 580 ºC  

Efficiency 43% 

Coal gasification combined 

cycle (IGCC) 

Coal 46% Puertollano in Spain, 335 MW 

Operational in 1997 

Efficiency 45% 

Natural gas combined cycle 

(NGCC) 

Natural 

gas 

59-60% Baglan Energy, UK, 525 MW 

Operational in 2003, 1430 ºC (GE H system) 

Efficiency 60% 

 

Based on Table 4, the energy-efficiency of state-of-the art power plants is around 46% for 

coal and 60% for gas.   

 

The high energy-efficiency of 47% reached in the best practice plant in Denmark is partly due 

to low temperature sea-water cooling. IEA (2007b) estimated the efficiency by 20 ºC cooling 

water temperature to be 45%. Currently, a demonstration project is carried out, funded by the 

European Commission, to build a demonstration coal plant with a steam temperature of 700 

°C in Germany. The energy-efficiency of this plant is expected to be in the range of 52 to 

55%.  

 

Based on Graus et al. (2008), the average efficiency of coal-fired power plants currently under 

construction or planned in the EU, in the period 2005-2015, is around 45-46% and for gas-

fired plants 59%. These average efficiencies correspond well to the current state-of-the-art 

efficiencies. Fuel costs account for approximately 40% of power generating costs (€/kWh) 

for coal-fired power plants and 60% for gas-fired power plants in 2004 (Hendriks et al., 

2004). The use of best available technology with high energy-efficiency is generally most 

economic. To ensure that new power plants are based on best available technology, high CO2 

prices can give a further incentive. A CO2 price of 20 € /tonne adds roughly 40% to power 

generating costs for coal and 20% to power generating costs for gas. This is based on power 

160

Chapter 6



generating costs of 4 €ct/kWh for coal and 3 €ct/kWh for natural gas and a CO2-intensity of 

750 g CO2 per kWh generated for coal and 350 g CO2 per kWh for gas. 

 

Figure 70 gives the changing composition of the fossil capacity in the EU and shows capacity 

commissioned before 1998, capacity commissioned in period 1998-2007, plants currently 

under construction and planned power plants.  

 

 

F igure  70  Tota l  foss i l  capac i ty  in  EU by  fue l  type  and  s ta tus  (P la t t s ,  2008)  

 

Figure 70 shows that gas-based generating capacity has largely increased in the last 10 years. 

50% of current installed gas-based capacity has been commissioned in the last 10 years. For 

coal-based capacity only 5% is commissioned in the last 10 years and for oil around 10%. In 

the coming 10 years another large addition of gas-based capacity is expected. Power plants 

currently under construction and planned amount to 125 GW, corresponding to 90% of total 

installed gas-based capacity by the end of 2007. For coal around 60 GW is expected to be 

added in the coming 10 years, corresponding to 30% of installed coal-based capacity. This 

means that the relative importance of coal-fired power generation is expected to decrease in 

the fossil fuel mix. In 1990 the fossil fuel mix in EU27 was largely coal-based, with 74% 

coal, 15% oil and only 11% natural gas. In 2005, the fossil fuel mix has shifted to 59% coal, 

34% gas and 6% oil. By 2015 this mix would have changed to 50% coal, 46% gas and 4% oil, 

based on the additions of new capacity and no changes in average load hours per fuel source 

(see Figure 71).  
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F igure  71  Foss i l  fue l  mix  based  on  genera t ing  output  in  EU27 

 

The calculation for the fuel mix in 2015 does not take into account retirement of existing 

capacity. Since the average age of coal-fired power plants in the EU is quite high, 

corresponding to 27 years, it can be expected that a certain share of the coal-based capacity 

will be shut down in the next 10 years. This would mean that the share of gas-based power 

generation in the fossil-fuel mix would be larger.  

 

Figure 72 shows the coal-fired capacity by year category in which the capacity is 

commissioned. The United Kingdom, Germany and Poland have the highest share in coal 

capacity in the EU, corresponding to 58% of total operational capacity. 

 

F igure  72  Coal  capac i ty  in  EU27 by end  of  2007 by  age  ca tegory  (P la t t s ,  2008) 
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By the end of 2007, 7 GW or 4% of coal-fired capacity is commissioned before 1960 and 58 

GW or 30% of coal capacity is commissioned before 1970. It can be expected that a 

significant share of the capacity built before 1960 will retire in the coming years as well as a 

certain share of the capacity built before 1970. However there is a trend for life extension of 

power plants where by small modernisations, the lifetime is extended. Also, part of the older 

capacity could have had major retrofits. Therefore it is uncertain to say which share of the 

capacity will retire by 2015. Section 8 gives a discussion on the retirement of capacity and its 

impacts on the results. 

 

Figure 73 shows gas-fired capacity in the EU by year category in which the capacity is 

commissioned. Italy, United Kingdom and Germany have the largest share in gas capacity in 

the EU, corresponding to 52% of total operational gas-based capacity. 

 

 

F igure  73  Natura l  gas  capac i ty  in  EU27 by  end  of  2007 by  age  ca tegory  (P la t t s ,  2008) 

 

In contrast to coal, the gas-fired capacity is relatively new. Only 0.5% is built before 1960 and 

6% before 1970, while 70% of the capacity is commissioned after 1990. Therefore only a 

small share of gas-fired plants is expected to retire in the period up to 2015. 

 

In 2005, the energy-efficiency of coal, gas and oil-fired power generation in the EU was 

respectively, 38%, 50% and 40% (see Figure 74). Based on the additions of new generating 

capacity and the average efficiency of new power plants (45.5% for coal and 58.5% for 
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natural gas71), these efficiencies would increase to 40% for coal, 54% for gas and 40% for oil, 

by 2015, if no plants of the current fleet retire (see Section 8 for a discussion of the impact of 

retirement). This corresponds to an energy-efficiency improvement of around 0.5% per year 

for coal and 0.9% per year for gas-fired power generation. The efficiency for coal may be 

higher if a significant share of old coal-fired plants operating at low efficiency retires before 

2015. 

 

 

F igure  74  Energy-ef f ic iency  per  fue l  source  in  1990,  2005 and  2015 in  EU27 

 

Figure 75 - Figure 77, give an overview of the amount of new fossil capacity per country and 

fuel source divided into plants commissioned after 1997, power plants under construction and 

planned power plants. Only countries with new capacity bigger than 1 GW are shown. 

                                                
71 Based on Graus et al. (2008). For a conversion from net design efficiency to gross operational efficiency see Section 2 om methodology. 

164

Chapter 6



 

F igure  75  Power  p lan ts  in to  opera t ion  af te r  1997 (MW) (Pla t t s ,  2008) 

 

F igure  76  Power  p lan ts  under  cons t ruc t ion  (MW) (Pla t t s ,  2008) 
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F igure  77  P lanned  power  p lan ts  (MW) (P la t t s ,  2008)  

    

The figures show that the largest amount of new power plants is built in Spain, Italy, 

Germany and United Kingdom. In Spain, Italy and United Kingdom a large number of new 

gas-fired power plants are installed. Most new coal plants are built in Germany, United 

Kingdom and Poland. 

 

Figure 78 shows the CO2-intensity for fossil-fired power generation in the EU per fuel source 

for the years 1990, 2005 and 2015. 

 

 

F igure  78  Development  CO 2 - in tens i ty  1990,  2005 and  2015 
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The average CO2-intensity for fossil-fired power generation in the EU decreased from 920 

g/kWh in 1990 to 720 g/kWh in 2005, mainly due to a shift from coal to natural gas and an 

increasing energy-efficiency of gas-fired power generation. For the period 2005-2015 another 

decrease is expected from 720 to 630 g/kWh. 

The average CO2-intensity for gas-fired power generation decreased by 32%, from 600 g/kWh 

in 1990 to 410 g/kWh in 2005. For the period 2005-2015 another decrease is expected of 10% 

to 370 g/kWh.  

The average CO2-intensity for coal-fired power generation decreased by 9%, from 1000 

g/kWh in 1990 to 910 g/kWh in 2005 and is expected to further reduce by 7% to 840 g/kWh 

by 2015. 

 

In 2005, the European Union Greenhouse Gas Emission Trading Scheme (EU ETS) 

commenced operation. The sectors covered by the system are power generation, energy-

intensitive manufacturing industry and from 2011/2012 aviation. The cap on emission 

allowances will be cut by 21% in 2020 in comparison to 2005 levels (European Commission, 

2008). 

The expected decrease in CO2 intensity for fossil-fired power generation in the EU for the 

period 2005-2015, corresponds to 12.5% (from 720 in 2005 to 630 g CO2/kWh in 2015). If 

this trend continues to 2020, CO2 intensity would decrease by 18% by 2020. The publication 

“European Energy and Transport, trends to 2030” (European Commission, 2008b) gives a 

baseline scenario for EU27 up to 2030. In this scenario fossil power generation will have 

grown from 1780 TWh in 2005 to 2390 TWh in 2020. Based on power generation in this 

scenario, greenhouse gas emissions from fossil power generation will increase by 10% in 

2020 in comparison to 2005 if CO2-intensity decreases by 18%. This means that there is a gap 

of 30% to reach the target of -21% in spite of the projected CO2 intensity decrease. This gap 

can be filled with: 

-Additional energy-efficiency improvement of fossil power generation by installing more 

efficient new power plants or modernisations of existing capacity 

-Demand-side energy-efficiency improvement of electricity consumption 

-Renewable energy sources for power generation 

-Combined heat and power generation (CHP) 

-Carbon capture and storage from power plants (CCS) 

-Fuel switch from coal or oil to natural gas 

 

6 . 7  C o n c l u s i o n s  

The difference between individual country efficiencies is found to be large. The energy 

efficiencies for coal-fired power generation ranges from 28% to 43%, for gas-fired power 

generation from 30% to 55% and for oil-fired power generation from 23% to 46%. 
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For average fossil-fired power generation, the energy-efficiency improvement potential for 

the country with the lowest energy-efficiency amounts to 45% if the efficiency would be 

improved to the level of the country with the highest energy-efficiency. 

 

One important factor influencing country efficiency is the age of the power plant fleet. Gas-

based generating capacity has strongly increased in the last 15 years. In 1990 the fossil fuel 

mix in EU27 was largely coal-based, with 74% coal. In 2005, the fossil fuel mix has shifted to 

59% coal, 34% gas and 6% oil. By 2015 this mix would have changed to 50% coal, 46% gas 

and 4% oil, based on the additions of new capacity and no retirement of capacity.  

 

The energy-efficiency of gas-fired power generation in the EU shows a sharp increasing trend 

from 34% in 1990 to 50% in 2005, corresponding to 2.6% per year. For coal-fired power 

generation the efficiency increased from 34% in 1990 to 38% in 2005, corresponding to 0.6% 

per year and for oil-fired power generation from 35% to 40%, corresponding to 0.8% per 

year. The improvement largely depends on the installation of new generating capacity with a 

higher efficiency. The average CO2-intensity for fossil-fired power generation in the EU 

decreased from 920 g/kWh in 1990 to 720 g/kWh in 2005, mainly due to a shift from coal to 

natural gas and the energy-efficiency increase of gas-fired power generation.  

Based on the additions of new generating capacity and the average efficiency of new power 

plants, these efficiencies would increase to 40% for coal, 54% for gas and 40% for oil, by 

2015. The average CO2-intensity for fossil-fired power generation would decrease from 720 

to 630 g/kWh. 

 

Table 44 gives a summary of the yearly change in energy-efficiency and CO2-intensity in the 

EU per period and fuel source. 

 

Table  44  Year ly  energy-ef f ic iency  improvement  and  change  in  CO 2 - in tens i ty  per  per iod  

Yearly change (%/year)   

1990-

2005 

2005-

2015 

1990-

2015 

Gas 2.6% 0.9% 1.9% 

Coal 0.6% 0.6% 0.6% 

Oil 0.8% 0.1% 0.5% 

Fossil 1.2% 1.1% 1.2% 

Energy-efficiency  0.9% 0.6% 0.7% 

Energy-efficiency 

Fuel switch 0.3% 0.5% 0.5% 

Fossil  -1.6% -1.3% -1.5% 

Energy-efficiency  -0.9% -0.6% -0.7% 

CO2-intensity 

Fuel switch -0.7% -0.7% -0.8% 
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The improvement of fossil energy-efficiency and the reduction of fossil CO2-intensity is 

influenced by the energy-efficiency improvement of power generation by the different fuel 

sources and by the fuel switch from coal to gas. The fuel switch from coal to gas has a double 

effect on CO2-intensity both by the higher energy-efficiency of power generation in gas-fired 

plants as well as a lower carbon intensity of fuel input (56 kg CO2/GJNCV  for natural gas in 

comparison to 95 kg CO2/GJNCV for hard coal). 

 

To ensure that new power plants are based on best available technology, sufficiently high 

fossil fuel prices (and CO2 prices) are needed. Fuel costs account for approximately 40% of 

power generating costs (€/kWh) for coal-fired power plants and 60% for gas-fired power 

plants. A CO2 price of 20 €/tonne adds roughly 40% to power generating costs for coal and 

20% to power generating costs for gas. Therefore high CO2 and high fuel prices are an 

incentive to both implement efficient technologies as well as push technological development 

for further improvements.  

 

6 . 8  D i s c u s s i o n  o f  u n c e r t a i n t i e s  

Uncertainties in the analysis arise from a number of sources, which are discussed by topic.  

 

Historic efficiencies 

Uncertainties for historic efficiencies arise from the input data from IEA statistics regarding 

power generation, heat output and fuel input for calculating energy-efficiencies. The 

advantage of using IEA statistics however is that they present country statistics in a 

harmonized way (e.g. all power generation is given ad gross power generation, the fuel input 

is based on net calorific value, combined-heat and power plants are included by the same 

statistical method). For some EU countries, efficiencies based on IEA show a sharp increase 

or decrease for an individual year that seems unlikely. Therefore results are sometimes given 

for the average efficiency of the three most recent years (2003-2005). 

Table 45 shows the difference between the energy-efficiency for EU27 calculated for the 

individual years and the average three year efficiency. The difference is at most 4%. 

 

Table  45  Energy-ef f ic iency  per  foss i l  fue l  source  in  EU27 

Deviation from average for 

individual year 

 

2003 2004 2005 

Average 

2003-

2005 2003 2004 2005 

Coal 37.4% 37.1% 37.8% 37.4% 0.1% 1.0% -1.1% 

Oil 37.9% 40.3% 40.1% 39.4% 3.8% -2.2% -1.6% 

Gas 46.2% 48.9% 49.6% 48.3% 4.2% -1.3% -2.9% 

Fossil 39.7% 40.5% 41.4% 40.6% 2.1% 0.1% -2.1% 

 

The disadvantage of using a three-year average is the loss of information concerning changes 

in year by year energy-efficiency values. It is uncertain if changes in values for individual 
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years are a result of data unreliability or actual changes in efficiency due to commissioning of 

new capacity or the influence of changes in operation and maintenance (e.g. load hours) or 

weather conditions. This information is lost in the values for a multiple year average. 

Therefore we show in many cases both the single year value as well as the three year average. 

 

Uncertainty in planned capacity  

The additions of fossil-fired capacity are based on the World Electric Power Plants database 

(Platt, 2008). In this database, total fossil-based capacity in EU27 is equal to 390 GW in 2005. 

An additional 8 GW of capacity is commissioned in the period 2005-2007, 32 GW is under 

construction and 160 GW is planned. Of the planned capacity, 75 GW is included in Platts 

(2008) without end year. We consider these projects as being in an early stage of planning. 

This concerns 53 GW gas, 21 GW coal, 1 GW oil. If this planned capacity does not 

materialise (equal to 50% of planned capacity), the results change as follows. Total capacity, 

without retirement of existing capacity, would be 515 GW by 2015 instead of 590 GW. The 

energy-efficiency of fossil-fired power generation in 2015 would change from 46% to 45%, 

gas from 54% to 53% and coal from 40% to 39%. The CO2-intensity for fossil power 

generation would change from 630 to 660 g/kWh. The uncertainty in the amount of planned 

capacity is therefore estimated to have an impact of at most 2% on the energy-efficiency 

values and 5% on the CO2-intensity values for 2015. 

 

Retirement of capacity 

The calculations do not take into account retirement of capacity. By the end of 2007, 7 GW or 

4% of coal-fired capacity is commissioned before 1960 and 58 GW or 30% of coal capacity is 

commissioned before 1970. If 10% of coal capacity would retire in the period 2005-2015 

(with an assumed low efficiency of 30%), this has the following effect on the results. The 

energy-efficiency of fossil-fired power generation in 2015 would change from 46.4% to 

46.8% and the CO2-intensity would change from 633 to 619 g/kWh. This corresponds to an 

uncertainty of 0.9% in fossil energy-efficiency and 2.2% in CO2-intensity in 2015. 

 

Efficiencies of power plants commissioned in period 2005-2015 

A third source of uncertainty arises from the efficiency of power plants commissioned in the 

period 2005-2015. Data input regarding energy-efficiency of new power plants is taken from 

Graus et al. (2008). The energy-efficiency in this source is given as net design energy-

efficiency. These efficiencies are converted from net to gross efficiency by adding 2 percent 

points for coal-fired capacity and 1.5 percent points for gas-fired capacity. For the conversion 

from the design efficiency to operational efficiency we subtract 2 percent points for both 

sources. This leads to values for the energy-efficiency of new power plants of 45.5% for coal 

and 58.5% for gas. If we assume that these energy-efficiencies are both 1 percent point lower 

this would affect the results as follows. The energy-efficiency of fossil-fired power generation 

in 2015 would change from 46.4% to 46.0% and the CO2-intensity would change from 633 to 

638 g/kWh. This corresponds to an uncertainty of 0.8% in fossil energy-efficiency and in 

CO2-intensity in 2015. 
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7  The promise  o f  CCS:  eva luat ing  capture-readiness  o f  new 

foss i l  power p lants  in  the  EU 72 

A b s t r a c t   

This study focuses on the degree to which recently built and planned power plants in the 

European Union (EU) are ‘capture-ready’. Data collection is mainly done by sending 

questionnaires and having telephone interviews with utilities. Results show that most recently 

built fossil power plants have not been designed as capture-ready. For planned power plants it 

was found that out of 20 coal-fired plants, 13 were indicated by utilities to be capture-ready 

(65%). For planned gas-fired power plants, only 2 out of 31 plants were indicated to be 

capture-ready (6%). One of the key reasons indicated by utilities for building a capture-ready 

plant is (expected) government or EU policies. 

Power plants that are recently built or planned are expected to cover a large share of fossil 

capacity by 2030 and thereby have a large impact on the possibility to implement carbon 

capture and storage (CCS) after 2020. It is estimated that around 15-30% of fossil capacity by 

2030 can be capture-ready or have CO2 capture implemented from the start. If CCS is 

implemented at these plants, 14-28% of baseline CO2 emissions from fossil power generation 

in 2030 could be mitigated, equivalent to 220-410 Mtonne CO2.  

 

                                                
72 Accepted for publication in Climate Policy. Co-authors are M. Roglieri, P. Jaworski, L. Alberio and E. Worrell. 
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7 . 1  I n t r o d u c t i o n   

Long term scenarios for reducing greenhouse gas emissions often rely on carbon capture and 

storage from fossil-fired power plants as part of the solution for reaching greenhouse gas 

emission reduction targets (Martinot et al., 2007). Carbon capture and storage (CCS) is a 

technology where CO2 is captured from a large emission source and stored in e.g. aquifers, 

old coal beds, and oil or gas fields. The main advantage of CCS is that it is possible to keep 

using fossil fuels and the associated infrastructure while emitting only limited amounts of 

CO2. Hoogwijk and Höhne (2005) show that most scenario studies rely on CCS to be used at 

least for an interim period (2030-2050) to achieve greenhouse gas emission reduction in the 

order of 50% in 2050 globally, in comparison to 1990 level. In the BLUE Map scenario of the 

International Energy Agency, CCS technologies contribute to 19% of global CO2 mitigation 

in 2050 (in which emissions are reduced by 50% in comparison to 2006 level) (IEA, 2008).  

Since fossil power plants have a typical lifetime of 40 years or more. This means that plants 

that are currently being built will remain in operation until after 2040-2050. In order to be 

able to implement carbon capture and storage in the period up to 2050, it is important that 

these plants are carbon capture-ready. By “capture-ready” is meant that a plant can be 

equipped with CO2 capture technology while it is under construction or after it has been built. 

During the design process the option of CCS has been evaluated and the design has been 

adapted accordingly, taking into account needed space for adding CO2 capture equipment and 

sometimes making modest pre-investments, to limit relatively larger investments later on. If a 

plant is not capture-ready this means it is either more expensive to add CO2 capture 

technology or impossible due to insufficient space at the site or no suitable reservoir to store 

the CO2 in within acceptable distance. 

Few studies have been done to determine the degree to which new power plants can be 

considered as capture-ready. This study focuses on recently built and planned power plants in 

the European Union (EU) and aims to determine if these plants are built as capture-ready and 

how this impacts the potential for CCS to mitigate CO2 emissions by 2030.  

This paper is structured as follows. Section 7.2 describes the used methodology and section 

7.3 gives the results. Section 7.4 discusses uncertainties in the results and lastly in section 7.5 

conclusions are drawn.  

 

7 . 2  M e t h o d o l o g y  

This section gives an overview of the methodology applied and discusses input data used for 

the study. First the concept of capture-readiness is defined (section 2.1). Second, new fossil 

power plants in the EU are identified (section 2.2). In this study “new power plants” refers to 

recently built power plants in the period 1998-2007 and power plants that were planned in 

2008 (including power plants that were under construction). Lastly the means for data 

gathering are discussed (section 2.3). 
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7 . 2 . 1  W h a t  i s  c a p t u r e - r e a d i n e s s ?  

The concept of ‘capture-ready’ is defined by considering the technical changes that are 

needed in a power plant when CO2 capture technology is added to the plant. Capture-ready 

here means that carbon capture and storage (CCS) could be applied to the plant either when 

the power plant is still under construction or as a retrofit option. The technical requirements 

that need to be met in order for a plant to be capture-ready are still not widely agreed upon. 

Specific design implications depend on the type of process for carbon capture that will be 

applied at the plant. The ways to capture carbon dioxide from power plants can be divided 

into three main categories: 

1. Post-combustion processes, where CO2 is recovered from a flue gas. 

2. Oxyfuel processes, where a concentrated CO2 stream can be produced by the exclusion of 

N2 before or during the combustion/conversion process. 

3. Pre-combustion decarbonisation processes, where the fossil fuel is converted to a 

hydrogen-rich stream and a carbon-rich stream.  

The different processes are visualised in Figure 79.  

 

 

F igure  79  Schemat ic  overv iew of  CCS technologies  ( Jorda l  and  Anheden  2005)  

 

An important literature source in this field is “CO2 capture ready plants” by IEA GHG (2007). 

For capture-readiness the main factors which have to be considered in any case are 

summarised below (IEA GHG, 2007): 

 A study on the possible options for CCS in terms of technology and feasibility. This 

includes the feasibility of the capture technology as well as a suitable storage reservoir 

at a reasonable distance and transportation facilities. 

 An assessment of the elements of the plant that would need to be adapted when adding 

CO2 capture equipment, their place in the plant layout and their physical size. 

 An assessment of the possible pre-investments that can be done in comparison to the 

costs of making changes when the power plant is built. 
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 The availability of sufficient space for the required CCS technology during operation 

as well as during construction. At the same time normal operation of the existing plant 

has to be assured both during construction and operation of CCS. The space should be 

reserved at the right location (depending on type of carbon capture technology used) 

within the plant lay-out to allow ease of implementation. 

 

Then there are some specific design implications depending on the capture technology: 

 In the case of post combustion, flue gas needs to be pre-treated to reduce NOx, SO2 

and particulate concentrations to very low levels, which is especially a concern for 

coal-fired power plants and much less for gas-fired power plants. Also, the absorption 

process has a high energy consumption which decreases energy-efficiency by typically 

20-25 percent (Hendriks, et al., 2004). The power output of the plant thereby decreases 

by the same degree, which needs to be taken into account when designing the power 

plant.  

 In the case of oxy-fuel combustion, approximately two thirds of the flue gas needs to 

be recycled in order to maintain steam conditions and boiler performance compared to 

air-firing. Similar to post combustion, a drop in energy-efficiency after implementing 

capture technology needs to be taken into account. 

 For pre combustion, increased power use for CO2 capture is somewhat lower than for 

post combustion. Some modifications need to be made e.g. to the gas turbine burner 

since H2  has other combustion properties than synthesis gas. Also gasifiers, oxygen 

plants and ancillaries may need to be oversized. 

 

7 . 2 . 2  I d e n t i f i c a t i o n  o f  n e w  f o s s i l  p o w e r  p l a n t s  i n  t h e  E U  

This study focuses on fossil-fired power plants that have been recently built (>1997) and are 

under construction or planned in EU27. These plants are referred to as “new power plants”. In 

order to identify recently built and planned fossil power plants, the World Electric Power 

Plants (WEPP) database from Platts (2008) is used. This database gives information on plant 

level, including the fuel type used, the capacity (MW), the year the plant went into operation 

or is planned to be in operation, the operator of the plant, status (operational, retired, under 

construction, planned, cancelled etc) and technological characteristics (turbine type, steam 

temperature etc).   

 

This study focuses specifically on new coal and gas-fired power plants. New oil-fired power 

generation in the EU is limited.  Figure 70 shows the total fossil capacity in the EU by fuel 

source and status. As can be seen, the largest addition of new capacity concerns gas-fired 

power plants.  
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F igure  80  Tota l  foss i l  capac i ty  in  EU by  fue l  type  and  s ta tus  (P la t t s ,  2008) 

 

In the EU, nearly 345 fossil-fired power generating units (> 50 MW) have come in operation 

in the period 1998-2007, 100 units are currently under construction and nearly 400 units are 

planned.  Note that a power plant typically consists of more than one unit so the amount of 

new power plants is smaller than the mentioned number of units. 

Total operational fossil capacity in EU27 is equal to around 420 GW by the end of 2007, of 

which slightly more than 20% is built in the last ten years. 

Of total planned capacity (equal to 190 GW), 65 GW is included in the Platts (2008) database 

without an estimated year of completion and without details about the technology that will be 

used. These projects are therefore considered as being in an early stage of planning. The 

remaining planned capacity has end years before 2015. 

 

For gas-fired power generation a number of different technologies can be used. These are 

internal combustion engines, steam turbines, gas turbines and combined-cycle technology 

(NGCC). Figure 81 shows the technologies used for recently built and new gas-fired power 

plants in the EU.  
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F igure  81  Power  uni t  type  for  gas- f i red  uni ts  (P la t t s ,  2008)  

 

As can be seen, the combined cycle technology is most often used for new power plants. For 

the recently built plants, also quite some gas turbines are included. Nearly all of them are 

smaller than 50 MW and more than 50% of these are combined heat and power (CHP) plants. 

Combustion engines are only used for very small scale applications below 10 MW. For large-

scale power and CHP plants (> 300 MW) the combined-cycle technology is nearly always 

used.  

 

There are currently two main types of technologies used for large-scale coal-fired power 

generation, these are pulverised coal (steam cycle) and coal gasification combined-cycle 

(IGCC). Only a small share of capacity is based on the IGCC technology (1 GW in operation 

and 2 GW planned). Most recently built and planned coal units are ultra supercritical 

pulverised coal plants with steam temperature above 580 °C (Platts, 2008). 

 

This study focuses specifically on new large-scale gas and coal-fired power plants with unit 

size bigger than 300 MW, since these are the most likely candidates for applying carbon 

capture and storage. This includes roughly 260 power plants in EU27 owned by 130 utilities. 

The capacity of these plants together equals 195 GW, equivalent to 65% of total recent and 

planned fossil capacity.  

 

Figure 82 gives the amount of recently built and planned power plants in the EU, with units 

bigger than 300 MW.  
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F igure  82  Tota l  number  of  recent ly  bui l t  and  p lanned  coa l  and  gas  power  p lan ts  (wi th  

uni ts  b igger  than  300  MW) (Pla t t s ,  2008)  

 

Of total recently built and planned power plants, 75% are gas-fired plants and 25% coal-fired 

plants. In terms of capacity, the share of gas-fired plants is 66%, while coal accounts for 33% 

in total capacity. Coal-fired power plants are on average larger in terms of capacity than gas-

fired plants and therefore have a relatively higher share in capacity. 

 

Figure 83 shows the number of new power plants per country, by status category and by fuel 

type.  

179

The promise of CCS: evaluating capture-readiness of new fossil power plants in the EU



 

 

Figure  83  Capaci ty  commiss ioned  af te r  1997,  under  cons t ruc t ion  and  p lanned  by  country  

(uni ts  s ize  >  300  MW) (Pla t t s ,  2008)  

 

This figure shows that Spain has the highest number of new plants (49 gas-fired and 1 coal-

fired plant), followed by Germany (30 coal-fired and 12 gas-fired plants) and Italy (29 gas-

fired and 6 coal-fired plants).  

 

7 . 2 . 3  D a t a  c o l l e c t i o n  

To collect data regarding capture-readiness on plant level, questionnaires have been sent to 

utilities (see Appendix). As a second means of data gathering, telephone interviews have been 

done with a number of utilities and large power plant suppliers. The telephone interviews 
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were held with one utility who is planning a capture-ready coal-fired power plant and one 

with a utility who is planning a capture-ready gas-fired power plant with CCS. Also a meeting 

was held with a large utility that has both recently built and planned coal and gas-fired power 

plants that are not capture-ready. Furthermore three large power plant suppliers were 

interviewed and one national agency for new technologies in power plants. All data gathering 

and interviews took place in the period January-July 2008. The question list for the interviews 

can be found in the Appendix. 

The questions asked in the questionnaire and in the telephone interviews link to the 

requirements for capture-readiness that have been defined and focus mainly on: (1) the 

amount of space that has been reserved, (2) the type of capture technology and storage site 

that have been considered, (3) how transport of CO2 would be arranged and (4) if costs have 

been assessed. Also information was asked regarding barriers for implementing carbon 

capture technology. 

 

The identified recently built and planned power plants are owned by 130 utilities. The 

questionnaire was sent to approximately 100 of these utilities for which contact details could 

be found (see list in Appendix). In total, questionnaires were returned for 71 power plants 

owned by 34 utilities with a total capacity of 54 GW. This represents nearly 30% of total 

recently built and planned capacity (>300 MW units) in the EU. The power plants are located 

in 17 EU countries and consist of 20 coal-fired power plants and 51 gas-fired power plants. 

Table 46 shows the location of the participating plants and the type of plant.  

 

Table  46  Submit ted  ques t ionnai re  for  power  p lan ts  by  country   

Country Pulverised 

coal 

 

IGCC NGCC Total 

Austria   1 1 

Belgium 2   2 

Denmark   2 2 

France 1  7 8 

Germany 3 1 4 8 

Hungary   1 1 

Ireland   3 3 

Italy 2  3 5 

Latvia   1 1 

Luxembourg   1 1 

Netherlands 1 1 2 4 

Poland 5   5 

Portugal   1 1 

Romania   1 1 

Slovakia   1 1 

Spain   20 20 

United Kingdom 3 1 3 7 

Total EU 17 3 51 71 
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Figure 84 shows the number of questionnaires returned per country as share in total number of 

plants per country. 

 

F igure  84  Ques t ionnai res  re turned  in  compar ison  to  number  of  new coal  and  gas  p lan ts  per  

country 73  

                                                
73 Estonia, Malta, Cyprus and Sweden are excluded due to limited or no new power plants 
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Figure 85 shows the status category of the plants for which questionnaires are submitted 

together with the participation as share in total recently built and planned power plants (units 

> 300 MW).  

 

F igure  85  Tota l  submit ted  ques t ionnai res  per  p lan t  type  and  re la t ive  par t ic ipa t ion  in  

compar ison  to  to ta l  p lan ts  (uni ts  >  300  MW) 

 

In total 21 operational plants, 18 plants under construction and 33 planned power plants are 

included. No questionnaires have been submitted for recently built coal-fired plants. For coal 

and gas-fired plants together, questionnaires have been submitted for around 27% of total new 

power plants. 
 

7 . 3  R e s u l t s  

This section gives an overview of the results of the study. First, the share of capture-ready 

plants is discussed, followed by an overview of characteristics of capture-ready and non 

capture-ready plants, based on submitted questionnaires and interviews. After that the impact 
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of the share of capture-ready plants is discussed on the mitigation potential of CCS in 2030. 

Lastly identified policy needs for stimulating capture-readiness and the use of CCS are given. 

 

Share of capture-ready plants  

Table 47 shows the share of capture-ready plants in the submitted questionnaires. In total 

utilities reported 15 out of 71 power plants as being built as capture-ready.   

Table  47  Share  of  capture- ready  p lan ts  in  submit ted  ques t ionnai res  

Nr. Of power plants  

Questionnaires 

submitted 

Indicated to be 

capture-ready 

Share capture-

ready plants 

Commissioned> 1998 21 0 0% Natural 

gas Under construction / 

planned 

30 2 6% 

Commissioned> 1998 - - - Coal 

Under construction / 

planned 

20 13 65% 

Total 71 15 21% 

 

Few recently built and planned gas-fired power plants were indicated to be capture-ready; 

only 2 out of 31 planned power plants and none of the recently built power plants.  

No questionnaires were submitted for recently built coal-fired power plants. After 1997, 8 

coal plants have been commissioned of which 6 are lignite-fired plants. Based on publicly 

available sources no indication was found that these plants are capture-ready. For the coal 

plants under construction and planned, 20 out of 64 plants participated in the questionnaire. 

For 13 of these plants, utilities indicated that the plants will be capture-ready.  

The coal plants for which questionnaires were submitted are located in Germany (3), United 

Kingdom (4), the Netherlands (2), Belgium (2), Italy (2), Poland (5) and France (1). Countries 

with planned coal-fired power plants for which no questionnaires are submitted are: 

 2 planned in Bulgaria, Romania, Greece and Czech Republic, each 

 1 planned in Portugal, Austria, Spain, Hungary, and Slovenia, each  

 

The plants for which utilities reported that they will be capture-ready are mostly located in 

Western Europe. Government policies and local attitudes seem to have a strong influence on 

the degree to which new power plants are capture-ready in a country. Based on the 

questionnaires and based on telephone contact with a number of Polish utilities, it seems that 

most of them are not considering CCS at the moment. In total there are 2 coal plants under 

construction and 7 coal plants planned in Poland.  
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Characteristics of capture-ready plants 

Table 48 gives a summary from the submitted questionnaires and telephone interviews, of the 

characteristics of plants indicated to be capture-ready. The number in brackets is the number 

of times the answer is given. 

Table  48  Charac ter is t ics  of  cap ture- ready  p lan ts  ( f i f teen  power  p lan ts  of  which  two gas-

f i red  and  th i r teen  coa l- f i red)  

Reasons to be 

capture-ready 

 (Expected) government and EU policies (3) 

 Company policy (2) 

 Future CO2 prices are expected to be sufficient to cover costs for capture (1) 

Space reservation  2 ha of space (5), 5 ha of space (1) and 10 ha of space for IGCC plant (1) 

Distance to 

storage site 

 The reported distance to the storage site ranges from 50-450 km. Most plants 

have a distance of 100-250 km from a storage site. 

Costs assessment 

for CCS 

 Costs have been assessed by an external party (6).  

 Costs have not yet been assessed (3). 

 Some plants are still investigating different capture methods (2).  

 One utility estimates the investment (retrofit) costs to be € 650 -850 mln (only 

capture) and operational costs for capture to be between 25-50 €/tonne and 10-

15 €/tonne for transport.  

 Another utility estimates the costs for transport to be 5-9 €/tonne. 

Costs to be 

capture-ready 

 Based on interviews it seems that costs to be capture-ready are difficult to 

estimate. A large part of additional costs is the purchase of additional land.  

 One power plant supplier estimates extra costs to be capture-ready to range 

from 5-15% of capital costs. Pre-combustion plants are estimated to be at the 

higher end of costs because not only additional space must be taken into 

account, but also some moderate pre-investment are needed. This in order to 

limit the energy-efficiency drop after CO2 capture is implemented. 

 Another power plant supplier mentions that a very important aspect of capture-

readiness is having the right plant layout. The cost to have the right lay-out, are 

estimated to be at most 1% of the total cost of the plant. 

 None of the plants indicate that they did pre-investments. In two cases it is 

mentioned that this is due to uncertainties in technologies for carbon capture 

that will be used. 

Capture 

technology  

 In two cases it is indicated that capture options are still under investigation. 

 Post combustion by amine scrubbing is mentioned for four pulverised coal-fired 

power plants.  

 One IGCC plant plans to use pre-combustion / clean shift and physical solvent 

with a modular approach (starting with a capture rate of approximately 50% of 

the syngas). 

 One utility mentions, they have evaluated the space requirements for an amine-

based system for their natural-gas fired power plant and identified the problem 

of amine poisoning caused by higher excess air in NGCC exhaust in 

comparison to coal-fired plants. Therefore they take a non-specific technology 

approach for capture-readiness, to avoid closing out emerging capture 

technologies. 
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Capture-rate  In most cases the provisioned capture rate for CO2 is 90%. 

Type of reservoir 

 

 In eight cases no answer is provided to this question. In the other cases the 

following answers are given:  

 Deep saline aquifers or depleted oil/gas fields onshore (2) 

 Depleted oil/gas fields offshore (2) 

 Depleted gas-field (1) 

 Depleted gas-field offshore (1) 

 Enhanced oil or gas recovery (1) 

 

Transport of CO2  In five cases pipeline transport is the preferred option for the transport of CO2 

but in one case railway transport is considered. 

 

From Table 48 it becomes clear that details regarding capture technology, costs and storage 

reservoir has not always been assessed yet. This may be due to the fact that a number of plants 

are in an early stage of planning and not all design characteristics are determined yet. 

 

Non capture-ready plants 

Table 49 gives a summary based on the submitted questionnaires of the characteristics of non 

capture-ready plants and focuses on the reasons for not being capture-ready and the possibility 

for retrofitting CCS technology to a plant after it is built. 

Table  49  Non capture- ready  p lan ts  (51  gas- f i red  and  20  coa l- f i red  p lan ts )   

Reasons for 

not being 

capture-ready 

Operational gas-fired plants (21) 

 Was not an issue at time of planning, CCS was not considered in general 

(10) 

 Lack of an enabling and long-term regulatory framework (2) 

 Technology was not available at time of planning or not proven (2) 

 Technology was considered but found to be very expensive (2) 

 

Planned gas-fired plants (including under construction) (30) 

 Given that carbon capture technologies are cheaper and more suitable for 

coal power plant they will probably not be applied to natural gas combined 

cycles during the lifetime of the plant (8) 

 Lack of an enabling and long-term regulatory framework (4) 

 In the period of time when the investments where decided this topic was 

not an issue (4) 

 Local infrastructure is not readily adaptable for large-scale carbon storage 

(1) 

 No suitable sites for long-term storage of CO2 are available in the region 

(1). 

 Technology was considered but found to be very expensive (1) 

 

Planned coal-fired plants (including under construction) (7) 

 Was not an issue at the time design commenced (3). 

 No governmental pressure (2) 
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 Lack of an enabling and long-term regulatory framework (1) 

 One utility mentions that they build new plants on existing sites of retired 

plants because of difficulties they are facing with local authorizations. This 

means it is more difficult to build a capture-ready plant, because land area is 

fixed and distance to storage sites and transport routes cannot be taken into 

account as in normal site selection. Also it is expensive to modify plant design 

to consider the CCS requirements. 

Possibility for 

retrofit with 

CO2 capture 

technology 

 For five plants it is indicated to be unknown if the plant can be retrofitted. 

 One utility, with 5 recently built gas-fired power plants, did a study to see if 

CO2 post combustion technology could be applied to the plants. They found 

that it is technically possible.  

 Another utility, with two planned coal power plants, indicated that enough 

space is available to add the capture technology.  

 One large power plant supplier mentions that operational power plants can in a 

number of cases be retrofitted with CO2 capture equipment but it is generally 

expensive.  

 Another supplier examined at random a sample of six recently constructed 

plants and they found that about 50% of them are not qualified to be retrofitted 

by CO2 capture. The reason must be found in the plant lay-out, in the 

insufficient space or in the technical design.  

 A third power plant supplier estimates the extra costs to retrofit a non-capture 

power plant to be in the range of 15-25% higher than a new power plant with 

CCS, depending on the CCS rate and scheme, fuel type and power plant 

technology. 

 One utility mentions that there seems to be enough space to develop CCS in the 

future 
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Implication of share capture-readiness in planned power plants by 2030.  

The publication “European Energy and Transport, trends to 2030” (European Commission, 

2008) gives a baseline scenario for EU27 up to 2030. In this scenario fossil capacity will have 

grown from 430 GW in 2005 to 532 GW by 2030, of which 188 GW consists of coal, 313 

GW of natural gas and 31 GW of oil-fired capacity. The corresponding CO2 emissions from 

fossil power generation are projected to increase from 1374 Mtonne CO2 in 2005 to be 1463 

Mtonne CO2 by 2030 

 

Power plants that have been recently built and are planned are expected to cover a large share 

of the projected capacity by 2030. Figure 86 shows the capacity in 2030 by commissioning 

period.  

 

 

F igure  86  Capaci ty  in  2030 (GW)  

 

The amount of capacity in 2030 commissioned before 1998 is based on capacity built before 

1998 in Platts (2008) and a retirement of 80% of capacity that is installed before 1980 

(corresponding to 98 GW for coal and 24 GW for gas, see Figure 72 and Figure 73). The 

amount of capacity that will retire by 2030 is uncertain, especially with the current trend to 

extend lifetime of power plants by applying modernisations. This is further discussed in 

Section 4: discussion of uncertainties. 

Data for capacity commissioned in the period 1998-2007 and capacity under 

construction/planned for the period up to 2015/2020 is taken from Platts (2008). The 

additional capacity after 2015/2020, corresponds to the remaining capacity that needs to be 
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built to reach the capacity level in 2030 as in the projection by European Commission (2008) 

per fuel source.  

 

F igure  87  Coal  capac i ty  in  EU27 by  end  of  2007 by  age  ca tegory  (P la t t s ,  2008) 

 

F igure  88  Natura l  gas  capac i ty  in  EU27 by  end  of  2007 by  age  ca tegory  (P la t t s ,  2008) 
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Table 50 gives the possible share of capture-ready plants, or plants built with CO2 capture 

technology implemented74, in total capacity in 2030. This is based on the share of capture-

ready plants in new plants evaluated here and based on the assumption that large-scale power 

plants built after 2015/2020 are built as capture ready or are built with CO2 capture 

technology. 

Two cases are distinguished one where the results from the questionnaire are assumed to be 

representative for all planned power plants up to 2015/2020 (high case) and one where only 

the power plants for which questionnaires were submitted and indicated to be capture-ready 

are capture-ready (low case) (see also section 4 uncertainties). For plants built after 

2015/2020 it is assumed that 90% of coal-fired and 70% of gas-fired power plants can be 

capture-ready, or be built with CO2 capture. This is assumed because it is considered unlikely 

that CCS will be applied to all types of power plants including smaller scale plants and CHP 

plants. Smaller scale (<300 MW units) power plants take up 35% of recently built and 

planned gas-fired capacity and 10% of coal-fired capacity.  

Table  50  Ins ta l led  capac i ty  in  2030 

Possible share capture-ready plants or plants built 

with CO2 capture  

Capacity 2030 

(GW) 

HIGH CASE LOW CASE 

 

Coal Gas Oil Coal Gas Oil Coal Gas Oil 

Additional > 2015/2020 35 68 10 90% 70% 0% 90% 70% 0% 

Under construction/planned 

for period 2008-2015 
63 127 3 65% 6% 0% 20% 1% 0% 

Commissioned 1998-2007 11 72 8 0% 0% 0% 0% 0% 0% 

Commissioned < 1998 79 46 10 0% 0% 0% 0% 0% 0% 

188 313 31 
73 

(39%) 

55 

(18%) 

0 

(0%) 

44 

(24%) 

48 

(15%) 

0 

(0%) 

Total (GW) 

532 24% 17% 

 

 

In the high case, the share of fossil capacity that can be capture-ready (or built with CO2 

capture) is equal to 24% of total fossil capacity by 2030 (39% for coal plants and 18% for gas 

plants). If CCS is implemented in these plants before 2030 (meaning that capture-ready plants 

are retrofitted with CO2 capture technology before 2030), 23% of CO2 emissions from fossil 

power generation could be mitigated, equivalent to 337 Mtonne75.  

In the low case, 17% of fossil capacity can be capture-ready by 2030 (24% of coal plants and 

15% of gas plants) and 15% of CO2 emissions from fossil power generation could be 

mitigated if CCS is implemented in these plants, equivalent to 225 Mtonne CO2. 

                                                
74 The amount of power plants that will be built with capture technology implemented in the period up to 2030 is unknown. No scenarios are 
available for this study that give a prediction. It will depend on a number of factors, such as policies (obligation to implement CCS), carbon 
price and other funding mechanisms.   
75 Based on 6000 load hours for coal, 4500 load hours for gas in 2030 (European Commission, 2008), 15 percent efficiency loss when 
applying CCS, a capture rate for CO2 of 90%. 
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Identified policy needs for stimulating capture-readiness and CCS 

Based on interviews with three utilities, two large power plant suppliers and one national 

agency for new technologies in power plants, a number of policy needs were identified for 

stimulating capture-readiness and the use of CCS in power plants. These are summarized by 

topic below. 

 

One of the key issues mentioned by all is that within EU emissions trading (ETS), sufficiently 

high CO2 prices are needed of above 40-50  €/tonne CO2 for CCS to become competitive. For 

gas-fired plants even higher prices are needed (above 80 € /tonne CO2), because the CO2 

concentration in the exhaust gas stream and CO2 emissions of gas-fired plants are 

considerably lower, the capture cost per tonne CO2 are proportionally higher. However, due to 

the recent economic crisis, carbon prices have dropped from approximately 20 to 25 euro per 

tonne of CO2 in summer 2008 (the former for CER credits, the latter for EUAs), to below 15 

euro per tonne of CO2 in 2009. Several studies expect CO2 prices below 30 euro per tonne in 

the third phase of ETS (2012-2020) (Graus et al., 2009), which seems to be too low for the 

uptake of CCS. 

 

A second identified policy need is the implementation of a long term regulatory framework 

for CCS and clear definitions for capture-readiness and policy requirements in this field. This 

is confirmed by the responses in the questionnaires where “lack of a long term enabling 

framework” is one of the main reasons indicated by utilities for not building a carbon capture-

ready power plant. After data collection was completed in the first half of 2008, the CCS 

Directive (2009/31/EC) was implemented in June 2009, which sets out a framework for the 

implementation of CCS. It is uncertain if the CCS directive is sufficient for a strong uptake of 

CCS since it does not include detailed requirements for capture-readiness and provides 

limited (long term) financial incentives. Also no capture mandates are implemented. 

Furthermore, the success of the legislation depends on how the Directive is implemented in 

national legislation and on the specific requirements that are made by national authorities 

which depends on Member States’ interpretation of the Directive. Some countries take a 

leadership role. The UK government e.g. has defined guidelines for carbon capture readiness 

and decided that all new coal plants in England and Wales will need to be capture-ready and 

implement CCS in the course of their lifetime (DECC, 2009). However the CCS Directive 

seems to leave discretion for Member States to resist the development of CCS facilities in 

their jurisdictions if they choose (Baker and McKenzie, 2009). Effective and consistent 

transposition is an important factor in the success of European cross-border CCS projects. The 

results from the questionnaire confirm this. Power plants that are built as capture-ready are 

nearly all built in countries with governmental pressure (Germany 4, United Kingdom 4, 

Netherlands 3, Belgium 2, France 1, Portugal 1). 
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7 . 4  D i s c u s s i o n  o f  u n c e r t a i n t i e s  

A number of uncertainties are present in this study. These are discussed below by topic. 

 

Share of capture-ready plants from questionnaire 

It is uncertain if the found results for the power plants for which questionnaires were 

submitted by utilities, accounting for 27% of new plants, are representative for the other 73% 

of new power plants in the EU. It might be that utilities that are favourable to CCS are more 

inclined to return the questionnaire than utilities that are not. Therefore the share of capture-

ready plants by 2030 is calculated for a high case and a low case. In the high case the results 

from the questionnaire are assumed to be representative for all planned power plants. In the 

low case only the power plants for which questionnaires were submitted and indicated to be 

capture-ready are assumed to be capture-ready. In the high case the expected share of capture-

ready plants in total fossil plants in 2030 is 24% and in the low case 17%. 

There is also uncertainty in the assumption that plants indicated by utilities to be built as 

capture-ready will actually be capture-ready once they are commissioned. The share of 

capture-ready plants is based on whether utilities indicate that the power plant is built as 

capture-ready or not. This is then further demonstrated by them by answering question 

regarding what issues they have considered. It was found however that costs are not always 

assessed. Also infrastructural aspects for the actual storage of CO2 (transport route and storage 

site) are in many cases not clear yet and sometimes not even the type of capture-process is 

determined. Part of this is due to the fact that a number of plants are in an early stage of 

planning and not all design characteristics are determined yet. But it is uncertain if e.g. for the 

coal-fired plants 65% (13 out of 20) will be able to meet strict requirements for capture-

readiness (as described in the methodology) once they are finished. If this is not the case the 

results move more to the “low case” calculated here. 

 

Retirement of capacity 

The amount of capacity that will retire by 2030 is uncertain, especially with the current trend 

to extend the lifetime of power plants by applying modernisations. In this study it is assumed 

that 80% of capacity installed before 1980 is retired by 2030 (corresponding to 98 GW for 

coal and 24 GW for gas). If we assume that 80% of capacity built before 1990 is retired 

before 2030 (corresponding to 136 GW for coal and 31 GW for gas), the results change as 

follows. By 2030, 23-31% of fossil capacity can be capture-ready (42-57% for coal and 16-

18% for gas), instead of 17-24%. The reason for the higher shares is that if a higher share of 

the capacity currently in operation is retired by 2030, the amount of new built power plants in 

the period from 2015/2020 to 2030 is higher. For the capacity built after 2015-2020, we 

assume that 90% of coal plants will be capture-ready or be built with CO2 capture and for gas 

plants 70%. 

 

Fuel mix in reference scenario 

In the calculations the fuel mix for power generation capacity up to 2030 is based on the 

reference scenario (European Commission, 2008). The share of capacity based on renewable 
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energy in this scenario increases from 22% in 2005 to 35% in 2030. If the increase of 

renewable energy capacity is higher than the reference scenario and the amount of fossil 

plants to be built in the period 2015/2020 to 2030 is lower. If the share of renewable energy 

capacity increases to 40% in 2050, the share of capture-ready plants, or plants built with CO2 

capture, in 2030 decreases from 17-24% to 10-20% of fossil-based capacity in 2030. 

 

New developments after data collection period 

Data gathering for this study took place in the period January-July 2008. There have been 

recent policy developments after this period in the field of CCS that may influence the share 

of carbon capture ready plants in 2030.  

The most important once is the CCS Directive, which amends the Large Combustion Plants 

Directive (LCPD) (Article 31) in relation to new-build electricity generating power stations 

with a capacity of more than 300MW. The requirement stipulates that, as a condition of 

obtaining a construction license by national authorities, operators of new plants would need to 

assess whether they have sufficient space for retrofitting of CCS equipment. Also they need to 

assess whether transport facilities are technically and economically feasible and whether it is 

technically and economically feasible to retrofit for CO2 capture. These requirements need to 

be implemented in national law before 25 June 2011. The effectiveness of these criteria to 

ensure capture-readiness of new power plants depends on the specific requirements that 

Member States define. 

The new legislation will be applicable to a limited number of plants that are included in this 

study, since it applies to new applications for combustion power stations or for applications 

that are being considered at the moment the legislation is implemented. An important share of 

the plants considered here either are already built, are under construction or are likely to be 

under construction before 2011, when the Directive needs to be transposed into national law. 

A number of countries (mostly New Member States) negotiated a delay for the 

implementation of the LCP directive of up to 2013 for Romania up to 2016 for Bulgaria, 

Croatia, Czech Republic and Poland (Graus et al., 2008).  

A share of 75% of the included plants have (expected) commission dates before 2014 and are 

likely to be under construction or been granted consent before the directive is implemented. A 

share of 25% of included power plants and planned plants have no indicated commissioning 

dates. These plants may be subject to the requirements as set by the LCPD, if the consent for 

these plants is not granted before the directive is implemented. If 50% of these planned 

capacity is not under construction or granted consent before the directive is implemented in 

national law, the results change as follows. By 2030, 22-27% of fossil capacity is estimated to 

be able to be capture-ready or built with CCS from the start, instead of 17-24% (see Table 

51). This assumes that the requirements are fully effective and all plants (> 300 MW) that are 

granted consent are carbon capture ready.  
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Table  51  Ins ta l led  capac i ty  in  2030 tak ing  in to  account  impact  of  CCS Direc t ive  on  

eva lua ted  p lan ts  

 Capacity 2030 (GW) Possible share capture-ready plants or plants built 

with CO2 capture 

  HIGH CASE LOW CASE 

 Coal Gas Oil Coal Gas Oil Coal Gas Oil 

Additional > 2015/2020 35 68 10 90% 70% 0% 90% 70% 0% 

Plants in early stage of planning 

that may be subject to capture-

ready requirements from CCS 

Directive76 

21 53 0.5 78% 38% 0% 55% 35% 0% 

Under construction/planned for 

period 2008-2015 

63 127 2.2 65% 6% 0% 20% 1% 0% 

Commissioned 1998-2007 11 72 8 0% 0% 0% 0% 0% 0% 

Commissioned < 1998 79 46 10 0% 0% 0% 0% 0% 0% 

188 313 31 75 

(40%) 

70 

(22%) 

0 

(0%) 

52 

(27%) 

64 

(20%) 

0 

(0%) 

Total (GW) 

532 27% 22% 

 

7 . 5  C o n c l u s i o n s   

Of total installed fossil-based capacity in EU27 in 2008, 20% or 91 GW is commissioned in 

the period 1998-2007 and another 190 GW is planned. Most of these new power plants 

(recently built and planned) are expected to stay in operation until 2030 and make up for 35-

40% of total projected capacity in 2030 (966 GW), emitting 950-1150 Mtonne CO2 

(equivalent to 70-85% of emissions from power generation in 2005). The possibility to apply 

CCS in 2030 depends on the degree to which these plants are either built as capture-ready or 

built with CO2 capture from the start.  

From the data collected in this study it appears that most recently built plants have not been 

designed as capture-ready. For power plants under construction and planned, utilities 

indicated that 13 out of 20 coal-fired power plants will be capture-ready (65%) and 2 out of 

31 gas-fired plants (6%) will be capture-ready.  

It is estimated that 17-24% of fossil power plants in 2030 can be capture-ready or built with 

CO2 capture. This is based on the results from the questionnaire for new power plants 

evaluated here and based on the assumption that large scale power plants built after 

2015/2020 are built either as capture-ready or are built with CO2 capture technology 

implemented. After data collection was completed, the CCS directive was implemented which 

may influence capture-readiness of a certain share of the new power plants evaluated here, 

namely the ones that are in an early stage of planning, which represent 24% of evaluated new 

capacity. The impact of the CSS directive could increase the share of capture-ready plants to 

22-27%. Taking into account these and other uncertainties (e.g. lifetime of power pants), it is 

estimated that 15-30% of fossil-based capacity by 2030 can be capture-ready or built with 

CO2 capture from the start. If CCS is implemented at these plants by 2030, 14-28% of 

                                                
76 Half of these plants have 90% and 70% shares and the other half have same shares as “under construction/planned” 
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baseline CO2 emissions from fossil power generation (1463 Mtonne CO2 in 2030) could be 

mitigated, equivalent to 220-410 Mtonne CO2.  

The effectiveness of the CCS directive depends on the way it is transposed into national law. 

From the questionnaires and telephone interviews it became clear that governmental pressure 

is a key aspect in the uptake of CCS and the construction of carbon capture ready plants. It is 

most frequently mentioned by utilities as the rationale for building a plant that is capture-

ready. Power plants that are built as capture-ready are mostly built in countries where 

governments stimulate the deployment of CCS (Germany 4, United Kingdom 4, Netherlands 

3, Belgium 2, France 1, Portugal 1). Therefore effective transposition of the CCS directive in 

national law is of high importance for the uptake of CCS. 

Furthermore, financial incentives seem to be needed for the uptake of CCS. If only the EU 

Emissions Trading Scheme (ETS) were to account for the costs for CCS implementation, CO2 

prices would need to be as high as 40-50 €/tonne, and even higher for gas-fired power plants. 

Recent studies expect that CO2 prices in the period 2012-2020 may be below 30 € /tonne, 

which seems to be insufficient to stimulate the uptake of CCS.  

The results from this study clearly show a difference in the share of capture-ready plants for 

coal and gas-fired capacity. Because the CO2 intensity (g/kWh) of gas-fired power plants is 

around 50% lower than the CO2 intensity of a coal-fired power plant, governmental pressure 

to be capture-ready is lower. Also the relative costs per tonne of CO2 captured are higher for 

gas-fired plants. Gas-fired power plants account for two third of new fossil capacity and their 

share in total CO2 emissions from fossil plants is estimated to be 37%77 in 2030, or 550 

Mtonne CO2 (equivalent to 40% of emissions from power generation in 2005). Gas-fired 

power plants built in the period 2010-2015 are expected to continue operation till 2040-2045. 

This suggests that at least a share of gas-fired power plants need to implement CCS in order to 

reach deep CO2 emission reduction targets. This means that extra financial incentives may be 

needed for gas-fired power plants with CCS.  
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7 . 8  A p p e n d i x  

 

Questionnaire 

 

1. General information 

Company name  

Plant or unit name and location  

Construction year / planned to be commissioned  

Status (operational, under construction, planned)  

Contact person  

Telephone number  

Email address  

Date  
 

2. Basic plant or unit parameters 

Capacity (MWe)  

Fuel use (e.g. 90% coal and 10% biomass)  

Turbine type (steam turbine, gas turbine, 

combined-cycle)   

 

Load hours  

 

3. Carbon capture and storage 

Has the option of capture and storage of CO2 (CCS) been assessed for the power plant? If yes continue 

with questions below. If no, please give the reason for this. 

... 

Can you give an indication regarding the amount of space that has been reserved on site for applicable 

capture installations? 

... 

What other considerations have been assessed for CCS (capture technology to be used, etc.)? 

... 

What is (will be) the annual amount of CO2 produced in your plant  

... 

What is the envisaged capture rate once CCS is in place:  

… 

Which storage sites for CO2 have been considered? 

... 

What is the distance of the storage sites to the plant? 

... 

Can you explain how the CO2 transport would be arranged (pipeline infrastructure to be build, other 

transport options)? 

... 

Can you give information about costs that have been assessed for CCS? 

* Investment (retrofit) cost: from  €   …  to   …  
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* Operational Cost:  

 Cost per ton of CO2 captured:    …. € / ton 

 Transport and storage cost per ton CO2:     … € / ton 

 

Have the costs been assessed by an external party? 

... 

 

Telephone interview 

 

Planned power plants  

 For capture ready plants: Why are they capture ready, even if there is no legislation 

yet? How much extra does it cost to be capture ready? 

 For plants not capture ready: Why are they not capture ready? Can they be retrofitted 

with CCS? What would be the costs? 

 

Operational power plants  

 Can they be retrofitted with CCS? At what costs?  

 

All power plants 

 Do you think CCS should play a key role in reducing greenhouse gas emissions? 

 What role should the EU play (what kind of actions do you expect from the EU) in 

stimulating the use of CCS? 

 What do you think about upcoming EU legislation that will require new fossil fuel 

plants to be CCS-ready, but without imposing an obligation to install CCS by a certain 

date. 

 What do you think about introducing a CCS obligation which will require: 

(1) New fossil fuel plants authorized after 2015 to be CCS-equipped and  

(2) Existing fossil power plants be retrofitted with CSS by 2025. 

 Does the ETS scheme work well to reduce greenhouse gas emission in the power 

sector? Would there be more efficient options to reduce emissions? 

 What prices for emission allowances do you expect for the third ETS phase (full 

auctioning). Will the carbon prices in the third phase of the ETS scheme be sufficient 

to cover the additional costs of CCS? 

 Do you have an idea about expected additional costs for your power plant per year 

once full auctioning will apply within the third ETS phase?  
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List with contacted utilities 

 

 ABRUZZOENERGIA  ENBW  PUBLIC POWER CORP (DEI) 

 ACEAELECTRABEL   ENDESA  PX LT 

 ACORN POWE  ENECO HOLDING   QUINN GROU 

 ADVANCED POWER  ENEL  RIJNMOND ENERGIE  

 AES  ENERGIA Y GAS DE HUELV  RWE 

 AKZO NOBEL CHEMICALS/EDO  ENERGIAKI THESSALONIKI  SC ELECTROCENTRALE BUCUREST 

 ALRO SLATINA   ENERGIE AG OBEROSTERREICH  SC TERMOELECTRICAS 

 APT ENERGA HELLA  ENERGY PLU  SCOTTISHPOWER  

 ASCOPIAVE   ESB INTERNATIONA  SEABANK POWER  

 ATEL AARE-TESSIN   ESSENT   SLOVNAFT  

 BAGLAN ENERGY   GALP ENERGIA SGPS   SORGENIA  

 BARKING POWER   GAS NATURAL SDG   SPE-LUMINU 

 BKW FMB ENERGIE DEUTSCHLAN  GAZ DE FRANCE POWE  STADTWERKE DUSSELDORF  

 BKW FMB ENERGIE ITALI  GAZPROM-SOTE  STADTWERKE KLAGENFUR 

 BORD GAIS EIREANN (BGE)  GETEC ENERGIE   STEAG-EVN WALSUM 10 KRAFTWER 

 BOT ELEKTROWNIA OPOLE   GKW KIEL   SUDWESTDEUTSCHE STROMHANDEL 

 BP ENERGY LT  GROSSKRAFTWERK MANNHEIM   SUDWESTSTROM KRAFTWERK GMBH  

 BUCHAREST NORTH EAST ENERG  HC ENERGI  SYNERGE 

 CALABRIA ENERGI  HERON S  TECNOPLAN SR 

 CENTRICA ENERG  HGW-PROJEKTGESELLSCHAF  TERMOELECTRICA DO RIBATEJO  

 CEZ A  HOLDING SLOVENSKE ELEK (HSE)  TERMOELEKTRARNA SOSTANJ  

 CONOCOPHILLIPS   IBERDROLA S  TIRRENO POWER  

 CZECH COAL   INTERNATIONAL POWER PL  TOTAL GAS VENTURE 

 DELTA N  ITALSIDER SR  T-POWER 

 DONG ENERGY   KAUNO ENERGIJA   TRIANEL EUROPEAN ENRGY TRADIN 

 E.ON BENELUX   KRAFTWERK MAINZ-WIESBADEN   TURBOGAS - PROD ENERGETICA  

 E.ON ENERGIE   LIETUVOS ELEKTRINE   TWINERG  

 EDF ENERGY   MATRA KRAFTWERK    UNION FENOSA  

 EDIPOWER SP  MOL GROU  VATTENFALL 

 EDISON HELLAS   MONTENERO ENERGIA   VERBUND-AUSTRIAN  

 EDISON SP  MYTILINEOS HOLDINGS   VIRIDIAN GROUP  

 EDP PRODUCA  N-ERGIE   WIENSTROM  

 EGL ESPAN  NUON  ZANDVLIET POWER  

 ELECGAS   NV EP  ZES ELEK PATNOW-ADAMOW-KONI 

 ELECTRABEL  OVERGAS A  ZESPOL ELEKTROWNI OSTROLEKA  

 ELECTRICITE DE FRANCE  SA (EDF  PKE  

 ELECTRICITY SUPPLY BOARD (ESB)  POLISH POWE  

 ELEKTROWNIA BELCHATOW I  POLSKIEJ GRUPY ENERGETYCZNE  

 EMFESZ - ELSO MAGYAR FOLDGA  POWEO   

 EN PLU  PROGRESSIVE ENERG  
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8  Summary  and  conc lus ions  

Fossil fuel combustion for power generation emits 27% of total greenhouse gas emissions in 

2005 and is of growing concern. The period 1990-2007 shows an increase of fossil fuel use 

and greenhouse gas emissions of 65% (from 6.85 Gtonne in 1990 to 11.3 Gtonne in 2007). 

The share of fossil fuels in the fuel mix for power generation increased from 64% in 1990 to 

68% in 2007. It is estimated that global greenhouse gas emissions need to reduce by 50-85% 

in 2050 in comparison to 2000 levels in order to limit global temperature increase to 2.0-2.4 

ºC, in comparison to pre-industrial temperature level. If this target is applied to power 

generation this means emissions must be reduced by 60-90% in comparison to the level in 

2007. 

 

This thesis focuses on energy efficiency of fossil-fired power generation as a possible 

mitigation options for greenhouse gas emissions. Energy efficiency improvement of power 

generation can be seen as a form of technological change and can comprise the development 

and diffusion of new technologies or improvements to existing technologies. This thesis 

focuses on improvements in currently used and new technologies for fossil-fired power 

generation. The overall research question of this thesis is: 

 

What role can energy efficiency of fossil power generation play in reducing fossil energy use 

and in reducing greenhouse gas emissions of fossil-based power generation? 

 

In order to answer this research question several sub questions were defined, given below: 

1. How does the potential for energy efficiency improvement in energy supply sectors 

compare to that in energy demand sectors? 

2. How can the energy efficiency of fossil power generation between countries be 

compared? 

3. What is the influence of pollution control on the energy efficiency of fossil power 

generation? 

4. What methods are appropriate to calculate the CO2 intensity of power generation? 

5. What is the potential to reduce greenhouse gas emissions by implementing best 

practice technology for power generation? 

6. How has energy efficiency developed in the past and what is the likely trend in the 

next decade? 

7. To what degree will carbon capture and storage contribute to CO2 emission mitigation 

over the next decades? 
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The results and conclusions found in this thesis are summarized by sub questions below, 

followed by overall conclusions and answer to the main research question.  

 

1. How does the potential for energy efficiency improvement in energy supply sectors 

compare to that in energy demand sectors? 

 

In Chapter 2 technical potentials are assessed for energy efficiency improvement in 2050 in a 

global context. In a reference scenario, worldwide final energy demand almost doubles from 

293 EJ in 2005 to 571 EJ in 2050 and primary energy supply increases from 439 EJ in 2005 to 

867 EJ in 2050. It is estimated that, by exploiting the technical potential for energy efficiency 

improvement in energy demand sectors, this growth can be limited to 8% or 317 EJ final 

energy demand and 473 EJ primary energy supply in 2050. This corresponds to a potential for 

demand-side energy-efficiency improvement of 44%. In addition to this, a potential is 

available to improve energy-efficiency in the transformation sector. In 2005, as much as 33% 

of primary energy supply is lost in the transformation of primary energy to final energy. In 

this study it is estimated that this share can be reduced to 19% in 2050 by improving energy-

efficiency of fossil-fired power generation (assuming no changes in the fuel mix for power 

generation) and by reducing other conversion losses. Including the potential for energy-

efficiency improvement in energy demand sectors, total primary energy supply would then 

decrease by 10% from 439 EJ in 2005 to 393 EJ in 2050. This contributes to a total potential 

for energy-efficiency improvement of 55% in 2050 in comparison to the reference primary 

energy supply in 2050. 

The largest share of the savings potential is found in the energy demand sectors. Energy-

efficiency improvement of energy demand leads to direct energy savings in the sector itself 

and to indirect energy savings by reduced conversion losses and reduced transmission and 

distribution losses, together taking up 81% of estimated savings. Energy savings by 

improving the energy-efficiency of the energy supply sector are responsible for the remaining 

19% savings. This means that energy efficiency improvement of energy conversion, from 

primary energy to final energy, can play a significant role in reducing energy use.  
 

2. How can the energy efficiency of fossil power generation between countries be compared? 

 

To answer this question an analysis is made in Chapter 3 to compare the energy efficiency of 

fossil-fired power generation. A methodology is developed to compare the energy efficiency 

of fossil-fired power generation on a country level. Specific benchmark indicators are 

developed for natural gas, oil and coal-fired generation efficiencies. These indicators are 

aggregated to a benchmark for fossil-fired generation efficiency. 

A comparison is made between the energy efficiency of fossil-fired power generation for 

Australia, China, France, Germany, India, Japan, Nordic countries (Denmark, Finland, 

Sweden and Norway aggregated), South Korea, United Kingdom and Ireland, and United 

States. Together these countries generate 65% of worldwide fossil power generation.  
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The Nordic countries, Japan and United Kingdom and Ireland are found to perform best in 

terms of fossil power generating efficiency and are respectively 8%, 8% and 7% above 

average in 2003. South Korea and Germany are 6% and 4% above average and the United 

States and France are 2% and 4% below average. Australia, China and India perform 7%, 9% 

and 13% below average. 

The energy savings potential and CO2 emission reduction potential if all countries would 

produce electricity at the highest efficiencies observed (42% for coal, 52% for natural gas and 

45% for oil fired power generation, based on lower heating value), corresponds to 10 EJ and 

860 Mtonne CO2 (or 15% reduction of energy use and greenhouse gas emissions in 2003), 

respectively. The potential for emission reduction is higher when considering best practice 

efficiencies for new power plant which are 47% for conventional coal-fired power plants 

(ultra-supercritical units) and 60% for natural gas-fired combined cycle plants (Hendriks et al, 

2004). Considering the best practice efficiencies the emission reduction potential for these 

countries totals 1400 Mtonne CO2 (or 26% of greenhouse gas emissions of the power sector in 

2003).  

 

3. What is the influence of pollution control on the energy efficiency of fossil power 

generation? 

 

Benchmarks studies for power generation often name NOx and SO2 control as a structural 

factor influencing energy efficiency of power generation. The size of the net effect of NOx 

and SO2 control on power generation is however unknown. In Chapter 4 the effects are 

studied of SO2 and NOx pollution control on the energy efficiency of fossil-fired power 

generation on a country level. The countries evaluated in this study are the same as in Chapter 

3; Australia, China, France, Germany, India, Japan, Nordic countries (Denmark, Finland, 

Sweden and Norway aggregated), South Korea, United Kingdom and Ireland, and United 

States.  

The level of SO2 and NOx control was found to vary widely for the included countries. The 

highest level of desulphurisation and denitrification was found in Japan, Germany, Nordic 

countries and South Korea. Limited pollution control was found to be implemented in India 

and China in 2005. 

The effect of NOx and SO2 control technologies on generating efficiency was found to consist 

mainly of power consumption by auxiliary installations. The effect on net energy efficiency 

was estimated to be around 2% for coal-fired power plants (taking into account wet scrubber 

for SO2, selective catalytic reduction of NOx and combustion modification for NOx control) 

and 1% for natural gas-fired power plants (selective catalytic reduction of NOx and 

combustion modification for NOx control). The average power use for NOx and SO2 control 

for fossil-fired power generation was estimated to be between 1.2%-1.5% of electricity output 

for the countries with high levels of pollution control. The resulting effect on the net 

efficiency of fossil-fired power generation is 0.5-0.6 percent points. 
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Remarkably, results show that countries with the highest levels of pollution control also have 

the highest net average energy efficiencies in comparison to countries with low levels of 

pollution control.  

 

4. What methods are appropriate to calculate the CO2 intensity of power generation? 

 

Chapter 5 compares five methods to calculate CO2 intensity (in g/kWh) of power generation, 

depending on different ways in which combined heat generation is taken into account. A 

selection is made of the 15 countries worldwide that generate most fossil-fired power 

generation in 2007. These are United States, China, Japan, Russia, India, Germany, United 

Kingdom, South Korea, Italy, South Africa, Australia, Mexico, Chinese Taipei, Saudi Arabia 

and Iran.  

 

Five heat correction methods are assessed: method 1 which takes into account power and heat 

generation, method 2 which takes into account only power generation, method 3 which 

includes heat generation based on the power loss factor (reduced power generation due to heat 

extraction), method 4 based on the substitution principle, which takes into account external 

benefits of combined heat and power generation by reduced fuel use for separate heat 

generation, and method 5 based on the exergy content of heat (for more details about these 

methods see Chapter 5).  

 

Chapter 5 shows that the heat correction method used to calculate CO2 intensity of power 

generation has a large impact on the CO2 intensity for countries with relatively large amounts 

of combined heat and power generation. Method 2 (power) gives highest CO2 intensity, 

followed by method 3 (power loss factor) and method 5 (exergy). Method 1 (power and heat) 

gives lowest CO2 intensity, followed by method 4 (substitution). Of the analysed countries, 

the difference in CO2 intensity is found to be especially large for Russia, Germany and Italy 

(method 2: substitution gives 74%, 28% and 18% higher CO2 intensity than method 1: power, 

respectively, for total power generation in 2007). Hence, analyses should clarify the method 

used when communicating results. 

 

It is not straightforward which method should be used in which situation. Method 1 (heat and 

power) and method 2 (power) are not recommended because method 1 ignores the difference 

in quality of energy and method 2 ignores heat generation. Method 3 (power loss factor) can 

be used to recalculate CO2 intensities based on a situation where no heat would have been 

generated, by taking into account the decrease of electricity generation as a result of heat 

extraction in CHP plants. Method 4 (substitution) can be used to calculate CO2 emissions of 

electricity use, while taking into account external benefits of CHP plants, by reduced fuel use 

for separate heat generation. These external benefits are not taken into account in any of the 

other methods. Method 5 (exergy), lastly, can be of importance from a thermodynamic point 

of view. The “quality” of energy in terms of the amount of useful work possible is taken into 
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account, which means that electricity generation is of more value than heat generation, 

depending on e.g. heat temperature.  

In chapter 5 it is furthermore estimated that CO2 intensity from an end use perspective is for 

the included countries 8-44% higher than the CO2 intensity from a generation perspective, 

with 15% as a global average in 2007. The difference depends on the size of transmission and 

distribution losses and the size of auxiliary power use in power plants.  

 

5. What is the potential to reduce greenhouse gas emissions by implementing best practice 

technology for power generation? 

 

In chapter 5 it is estimated that the potential for applying best practice technology is 18%-

44% savings for the analysed countries (United States, China, Japan, Russia, India, Germany, 

United Kingdom, South Korea, Italy, South Africa, Australia, Mexico, Chinese Taipei, Saudi 

Arabia and Iran), with 29% as global average.  

An additional potential is expected to exist to reduce power transmission and distribution 

losses. Chapter 5 shows that there are large difference between losses per countries ranging 

from 4%-25%, with 9% as global average. It seems likely that at least in certain countries 

these losses can be reduced. 
 

6. How has energy efficiency of fossil-fired power generation developed in the past and what 

is the future trend in the EU? 

 

Chapter 6 provides an overview of past and future trends of energy-efficiency of fossil power 

generation in EU-27. It is found that the average efficiency for gas-fired power generation in 

the EU increased sharply from 34% in 1990 to 50% in 2005 and is expected to increase to 

54% by 2015. For coal-fired power generation the efficiency increased from 34% in 1990 to 

38% in 2005 and is expected to increase to 40% by 2015. The improvements largely depend 

on the amount of new generating capacity that is installed. The amount of natural gas-based 

generating capacity has strongly increased in the last 15 years. The share of gas-fired power 

generation in total fossil power generation in the EU increased from 11% in 1990 to 34% in 

2005 and is expected to increase to 46% by 2015. The average CO2 intensity for fossil-fired 

power generation (based on method 3, power loss factor) in the EU decreased from 920 

g/kWh in 1990 to 720 g/kWh in 2005, mainly due to a shift from coal to natural gas and an 

energy-efficiency increase of gas-fired power generation. For the period 2005-2015 another 

decrease is expected from 720 to 630 g/kWh. 

The improvement of fossil energy-efficiency and the reduction of fossil CO2-intensity is 

influenced by the energy-efficiency improvement of power generation by the different fuel 

sources and by the fuel switch from coal to gas. The fuel switch from coal to gas has a double 

effect on CO2-intensity both by the higher energy-efficiency of power generation in gas-fired 

plants as well as a lower carbon intensity of fuel input (56 kg CO2/GJNCV for natural gas in 

comparison to 95 kg CO2/GJNCV for hard coal). 
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Based on these trends it is estimated that greenhouse gas emissions from power generation 

will increase by 10% in EU27 in 2020 in comparison to the 2005 level. This in spite of a 

substantial decrease of CO2 intensity of fossil power generation from 720 g/kWh in 2005 to 

590 g/kWh in 2020 (decrease of 19%). The decrease in CO2 intensity is due to a large share of 

new fossil power generating capacity with best practice efficiencies and a fuel switch from 

coal to gas.  

 

7. To what degree will carbon capture and storage contribute to CO2 emission mitigation 

over the next decades? 

 

Of total installed fossil-based capacity in EU27 in 2008, 20% or 91 GW was commissioned in 

the period 1998-2007 and another 190 GW is planned. Most of these new power plants 

(recently built and planned) are expected to stay in operation until 2030 and make up 35-40% 

of total projected capacity in 2030 (966 GW), emitting 950-1150 Mtonne CO2 (equivalent to 

70-85% of emissions from power generation in 2005). The possibility to apply CCS in 2030 

depends on the degree to which these plants are either built as capture-ready or built with CO2 

capture from the start.  

Chapter 7 focuses on the degree to which recently built and planned power plants in the 

European Union (EU) are ‘capture-ready’. Data collection is based on a survey. Results show 

that most recently built fossil power plants have not been designed as capture-ready. For 

planned power plants it was found that out of 20 coal-fired plants for which questionnaires 

were returned, utilities indicated that 13 would be built as capture-ready (65%). In general this 

means that utilities reserve space for capture installations, a storage site is present within a 50-

500 km distance, capture methods are investigated and in some cases costs are assessed. One 

of the key reasons indicated by utilities for building a capture-ready plant is (expected) 

government or EU policies. For planned gas-fired power plants, only 2 out of 31 plants were 

indicated by utilities to be built as capture-ready (6%).  

Based on the results, it is estimated that around 15-30% of fossil capacity by 2030 can be 

capture-ready or have CO2 capture implemented from the start. If CCS is implemented at 

these plants, 14-28% of baseline CO2 emissions from fossil power generation in 2030 could 

be mitigated, equivalent to 220-410 Mtonne CO2. 

The results in Chapter 7 show a difference in the share of capture-ready plants for coal and 

gas-fired capacity. Because the CO2 intensity (g/kWh) of gas-fired power plants is around 

50% lower than the CO2 intensity of a coal-fired power plant, governmental pressure to be 

capture-ready is lower. Also the relative costs per tonne of CO2 captured are higher for gas-

fired plants. Gas-fired power plants account for two third of new fossil capacity and their 

share in total CO2 emissions from fossil plants is estimated to be 37% in 2030, or 550 Mtonne 

CO2 (equivalent to 40% of emissions from power generation in 2005). Gas-fired power plants 

built in the period 2010-2015 are expected to continue operation till 2040-2045. This suggests 

that at least a share of gas-fired power plants need to implement CCS in order to reach deep 

CO2 emission reduction targets. This means that extra financial incentives may be needed for 

gas-fired power plants with CCS. 
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Lastly we come back to the overall research question: 

What role can energy efficiency of fossil power generation play in reducing fossil energy use 

and in reducing greenhouse gas emissions of fossil-based power generation? 

 

It is estimated that by implementing best available technology for fossil power generation and 

thereby improving energy efficiency, greenhouse gas emissions of power generation could be 

reduced by 29%. This is if all fossil power plants would be replaced by best available 

technology and power generation would remain the same. With continuing trends however, 

greenhouse gas emissions from fossil power generation would grow by 95% in 2030. Energy 

efficiency improvement of fossil power generation alone is therefore not sufficient to 

compensate for the growth of fossil power generation, in case the current trend continues. 

This is confirmed by a case study for the EU. Despite climate targets, a large amount of new 

fossil capacity has been built and is planned. By placing new efficient production capacity, 

the efficiency of gas-fired generation in the EU increased from 34% in 1990 to 50% in 2005. 

For 2015, a further rise to 54% is expected. The efficiency of coal-fired power generation 

increased from 34% in 1990 to 38% in 2005 and is expected to increase to 40% in 2015. 

Despite these efficiency improvements, it is expected that greenhouse gas emissions in 2020 

will have increased by 10% compared to 2005, due to an increase of fossil-fired electricity 

generation. It is also shown that a large portion of new capacity is not suitable for CO2 capture 

technology. It is estimated that CO2 capture can be applied to only 15-30% of power plants in 

2030 in EU. The large amount of new fossil capacity makes it difficult to achieve greenhouse 

gas emission objectives. This is not only due to the limited ability to capture CO2 but also due 

to the long lifetime of these plants, which reduces the opportunity for renewable energy. 

Renewable energy is one of the main options for greenhouse gas emission reduction from 

electricity generation in addition to energy savings. This thesis shows the important role 

energy savings could play. Global electricity consumption in a business as usual scenario 

grows from 17 PWh in 2005 to 47 PWh in 2050. In a scenario where technical measures for 

energy efficiency improvement in demand sectors are implemented, electricity consumption 

would only grow to 22 PWh. This is a reduction of 53% in comparison to reference electricity 

consumption in 2050, but still a growth of nearly 30% in comparison to the 2005 level. Due to 

the limited potential of different options to reduce greenhouse gas emissions, it follows that a 

menu of options is needed to cut greenhouse gas emissions from electricity generation, 

including energy efficiency improvements, renewable energy and CCS.  
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Samenvat t ing  en  conc lus ies  

Elektriciteitsopwekking met fossiele brandstoffen draagt bij aan 27% van broeikasgasemissies 

wereldwijd, in 2005. Het aandeel fossiele brandstoffen in de energiemix voor 

elektriciteitsopwekking is de laatste jaren gestegen van 64% in 1990 tot 68% in 2007. In 

absolute zin is het gebruik van fossiele brandstoffen en gerelateerde broeikasgasemissies 

gestegen met 65% in de periode 1990 tot 2007, van 6,85 Gtonne in 1990 tot 11,3 Gtonne in 

2007. Deze trend staat loodrecht op langetermijn doelstellingen voor het reduceren van 

broeikasgasemissies. Er wordt geschat dat emissies van broeikasgassen wereldwijd 

gereduceerd moeten worden met 50-85% in 2050, in vergelijking met het niveau in 2000. Dit 

om de wereldwijde temperatuursstijging te beperken tot 2,0-2,4 ºC, in vergelijking met het 

temperatuurniveau voor de industriële revolutie. Vertaald naar de elektriciteitssector betekent 

dit een vermindering van 60-90% van emissies in 2050, ten opzichte van het niveau in 2007. 

 

Dit proefschrift richt zich op de vraag welke rol rendementsverbeteringen van fossiele 

elektriciteitsopwekking kunnen spelen bij het reduceren van broeikasgasemissies. Om deze 

vraag te beantwoorden zijn verschillende deelvragen geformuleerd: 

1. Hoe verhoudt het potentieel voor energie-efficiency verbetering in energie-

aanbodsectoren zich tot het potentieel in energievraagsectoren? 

2. Hoe kan het rendement van fossiele elektriciteitsopwekking op landenniveau met 

elkaar vergeleken worden? 

3. Wat is de invloed van rookgasreiniging op het rendement van fossiele 

elektriciteitsopwekking? 

4. Welke methoden zijn geschikt om de CO2 intensiteit van elektriciteitsopwekking te 

berekenen? 

5. Wat is het potentieel van “best practice” technologie om broeikasgasemissies te 

reduceren? 

6. Hoe heeft het rendement van elektriciteitsopwekking zich ontwikkeld in het verleden 

en wat is de trend voor de toekomst? 

7. In welke mate kan CO2 afvang en opslag bijdrage aan het reduceren van 

broeikasgasemissies in de toekomst? 

 

De resultaten en conclusies worden per deelvraag samengevat, gevolgd door een antwoord op 

de hoofdvraag.  
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1. Hoe verhoudt het potentieel voor energie-efficiencyverbetering in energievraagsectoren 

zich tot het potentieel in energie-aanbodsectoren? 

 

In hoofdstuk 2 is het wereldwijde potentieel voor energie-efficiencyverbetering bepaald in 

2050. Er wordt verwacht dat in een “business as usual” scenario de finale energievraag stijgt 

van 293 EJ in 2005 tot 571 EJ in 2050. Om aan deze energievraag te voldoen is een groei van 

het primaire energiegebruik nodig van 439 EJ in 2005 tot 867 EJ in 2050. Er is berekent dat 

de finale energievraag beperkt kan worden tot 317 EJ in 2050, door het implementeren van 

technische maatregelen, gericht op energiebesparing bij eindverbruikers van energie. Dit komt 

neer op een besparing van 44% ten opzichte van het niveau in het referentiescenario in 2050. 

Er is een extra potentieel beschikbaar voor het reduceren van verliezen bij het transformeren 

van primaire energie naar secundaire energie en verliezen bij energiedistributie. In 2005 

bedragen deze verliezen samen 33% van het primaire energiegebruik. In deze studie wordt 

geschat dat dit gereduceerd kan worden tot 19% in 2050, met name door het verbeteren van 

het rendement van fossiele elektriciteitsopwekking (aannemende dat de brandstofmix voor 

elektriciteitsopwekking gelijkt blijft). Samen met het potentieel voor energiebesparing in 

energievraagsectoren, kan het totale primaire energiegebruik dalen met 10% in 2050 van 439 

EJ in 2005 tot 393 EJ. Dit leidt tot een totaal potentieel voor energie-efficiencyverbetering 

van 55% in 2050 in vergelijking met het referentieniveau van primair energiegebruik in 2050. 
 

2. Hoe kan het rendement van fossiele elektriciteitsopwekking op landsniveau met elkaar 

vergeleken worden? 

Om deze vraag te beantwoorden is in hoofdstuk 3 een internationale vergelijking gemaakt van 

het rendement van fossiele elektriciteitsopwekking op landenniveau. Hiertoe is een methode 

ontwikkeld om het rendement van fossiele elektriciteitsopwekking te vergelijken door middel 

van benchmark-indicatoren voor aardgas, olie en kolengestookte elektriciteitsopwekking. 

Deze indicatoren zijn geaggregeerd tot een indicator voor het rendement van fossielgestookte 

centrales.  

De landen die in deze studie zijn meegenomen zijn Australië, China, Frankrijk, Duitsland, 

India, Japan, Scandinavische landen (Denemarken, Finland, Zweden en Noorwegen 

geaggregeerd), Zuid-Korea, Verenigd Koninkrijk en Ierland en de Verenigde Staten. Samen 

produceren zij 65% van de wereldwijde fossiele elektriciteitsproductie. 

De Scandinavische landen, Japan en het Verenigd Koninkrijk en Ierland blijken het beste te 

presenteren en zijn respectievelijk 8%, 8% en 7% boven het gemiddelde in 2003. Zuid-Korea 

en Duitsland zijn 6% en 4% boven het gemiddelde en de Verenigde Staten en Frankrijk zijn 

2% en 4% onder het gemiddelde. Australië, China en India voeren 7%, 9% en 13% onder het 

gemiddelde. 

Het energiebesparingspotentieel en CO2-emissiereductiepotentieel, als alle landen elektriciteit 

produceren met het hoogste rendement waargenomen (42% voor steenkool, 52% voor aardgas 

en 45% voor olie), komt overeen met 10 EJ en 860 Mton CO2 (oftewel 15% reductie van het 

energiegebruik en de uitstoot van broeikasgassen in 2003). Het potentieel is hoger bij 

toepassing van best practice rendementen voor nieuwe centrales, (47% kolengestookte 
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centrales, 60% voor aardgas). Met best practice rendementen bedraagt het potentieel 1,400 

Mton CO2 (ofwel 26% vermindering van broeikasgasemissies in 2003). De VS en China 

hebben het grootste potentieel in absolute zin (70% van totale potentieel), gevolgd door India 

en Australië. 

 

3. Wat is de invloed van rookgasreiniging op het rendement van fossiele 

elektriciteitsopwekking? 

 

Benchmarkstudies gericht op het vergelijken van het rendement van elektriciteitsopwekking 

noemen vaak NOx- en SO2-emissiereductie bij fossiele elektriciteitscentrales als een 

structurele factor die een negatieve invloed kan hebben op het rendement. Over het netto-

effect op landenniveau is echter weinig bekend. In hoofdstuk 4 wordt het effect van NOx- en 

SO2-emissiereductie op het rendement van elektriciteitsopwekking ingeschat voor dezelfde 

landen als in hoofdstuk 3: Australië, China, Frankrijk, Duitsland, India, Japan, Scandinavische 

landen (Denemarken, Finland, Zweden en Noorwegen geaggregeerd), Zuid-Korea, Verenigd 

Koninkrijk en Ierland, en de Verenigde Staten.  

De mate waarin SO2- en NOx-emissiereductie wordt toegepast bleek sterk te variëren voor 

deze landen. Het hoogste niveau van ontzwaveling en denitrificatie werd gevonden in Japan, 

Duitsland, Scandinavische landen en Zuid-Korea. Beperkte bestrijding bleek te worden 

toegepast in India en China in 2005.  

Het effect van NOx en SO2-emissiereductie op het rendement voor elektriciteitsopwekking 

bestaat vooral uit stroomverbruik van de installaties. Het effect op het netto rendement wordt 

geschat op circa 2% voor kolengestookte centrales (wet scrubbers voor SO2, selective 

catalytic reduction en verbrandingsmodificatie voor NOx) en 1% voor aardgas-gestookte 

centrales (selective catalytic reduction en verbrandingsmodificatie voor NOx). De totale 

impact van NOx en SO2-emissiereductie voor fossielgestookte elektriciteitsopwekking wordt 

geschat op 1,2%-1,5% van de elektriciteitsproductie voor landen met een hoge mate van NOx 

en SO2 emissiereductie. Dit heeft een resulterend effect op het netto rendement van 

fossielgestookte elektriciteitsopwekking van 0.5-0.6 procentpunt.  

Opvallend is dat landen met een hoge mate van rookgasreiniging tevens een hoog rendement 

voor elektriciteitsopwekking hebben. 

 

4. Welke methoden zijn geschikt om de CO2-intensiteit van elektriciteitsopwekking te 

berekenen? 

 

In hoofdstuk 5 worden vijf methoden om de CO2-intensiteit (in g/kWh) van 

elektriciteitsproductie te berekenen met elkaar vergeleken. Deze methoden verschillen in de 

manier waarop rekening wordt gehouden met warmteproductie bij gecombineerde warmte- en 

elektriciteitsopwekking (warmtekracht). Een landenselectie is gemaakt van de 15 landen die 

de meeste fossielgestookte elektriciteit opwekken in 2007. Dit zijn de Verenigde Staten, 

China, Japan, Rusland, India, Duitsland, Verenigd Koninkrijk, Zuid-Korea, Italië, Zuid-

Afrika, Australië, Mexico, Taiwan, Saoedi-Arabië en Iran. 
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De methoden die met elkaar vergeleken worden zijn:  

• methode 1 gebaseerd op totale elektriciteit- en warmteproductie,  

• methode 2 gebaseerd op alleen elektriciteitsopwekking,  

• methode 3 waarin warmteproductie wordt meegenomen door het berekenen van de 

verminderde elektriciteitsproductie als gevolg van de warmteonttrekking,  

• methode 4 waarbij rekening wordt gehouden met de voordelen van warmtekracht 

doordat minder brandstof nodig is voor gescheiden warmteproductie, en  

• methode 5 waarbij de exergie-inhoud van warmte wordt meegenomen (voor meer 

informatie over deze methoden zie hoofdstuk 5). 

 

Hoofdstuk 5 laat zien dat de methode voor warmtecorrectie een grote impact heeft op de CO2-

intensiteit voor landen met een relatief grote hoeveelheid warmtekrachteenheden. Methode 2 

geeft de hoogste CO2-intensiteit, gevolgd door methode 3 en methode 5. Methode 1 geeft de 

laagste CO2-intensiteit, gevolgd door methode 4. Van de geanalyseerde landen, blijkt het 

verschil in CO2-intensiteit vooral groot te zijn voor Rusland, Duitsland en Italië (methode 2 

geeft een 74%, 28% en 18% hogere CO2-intensiteit dan methode 1, respectievelijk voor totale 

elektriciteitsopwekking in 2007). Het is daarom belangrijk dat de gebruikte methode voor het 

berekenen van CO2-intensiteit duidelijk wordt gemaakt in analyses. Welke methode het beste 

gebruikt kan worden hangt af van het doel van de analyse. Wel wordt het gebruik van 

methode 1 en 2 afgeraden aangezien methode 1 voorbij gaan aan het verschil in kwaliteit 

tussen energiesoorten en methode 2 warmteopwekking niet meeneemt. 

Per land zijn er sterke verschillen te zien in CO2 intensiteit. Zo varieert de CO2 intensiteit voor 

kolen voor de meegenomen landen van 910 g/kWh voor Japan tot 1281 g/kWh voor India. 

Voor gas is er een variatie van 357 g/kWh voor Italië tot 768 g/kWh voor Saoedi-Arabië en 

voor olie van 525 g/kWh tot Italië tot 1524 g/kWh voor Iran (methode 5).  

 

In hoofdstuk 5 wordt tevens een inschatting gemaakt van het verschil in CO2-intensiteit tussen 

elektriciteitsopwekking en elektriciteitsconsumptie. Bovenstaande CO2-intensiteiten zijn 

gebaseerd op bruto warmte en elektriciteitsopwekking waarin nog niet het eigen 

elektriciteitsverbruik van centrales is afgetrokken. Ook verliezen die ontstaan bij transmissie 

en distributie van elektriciteit naar eindverbruikers zijn nog niet meegenomen. Uit deze studie 

blijkt dat de CO2-intensiteit vanuit een verbruiksperspectief 8-44% hoger is dan de CO2-

intensiteit van bruto elektriciteitsopwekking, met 15% als mondiaal gemiddelde in 2007. Het 

verschil tussen landen wordt vooral bepaald door de omvang van elektriciteitstransmissie- en 

distributieverliezen. India, Iran en Mexico hebben de hoogste verliezen, terwijl Zuid-Korea, 

Japan en Saoedi-Arabië de laagste verliezen hebben. 
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5. Wat is het potentieel van “best practice” technologie om broeikasgasemissies te 

reduceren? 

 

In hoofdstuk 5 wordt geschat dat het potentieel voor het toepassen van best practice-

technologieën om broeikasgasemissies van fossielgestookte elektriciteitsopwekking te 

verminderen varieert tussen de 18% en 44% voor de geanalyseerde landen (Verenigde Staten, 

China, Japan, Rusland, India, Duitsland, Verenigd Koninkrijk, Zuid-Korea, Italië, Zuid-

Afrika, Australië, Mexico, Chinees Taipei, Saoedi-Arabië en Iran), met 29% als wereldwijd 

gemiddelde ofwel 3344 Mton CO2. China heeft het hoogste potentieel met 801 Mton CO2 

gevolgd door de VS (612 Mton), India (332 Mton) en Rusland (223 Mton) (samen 60% van 

het totale potentieel).  

Een extra potentieel is naar verwachting te realiseren door het verminderen van transmissie- 

en distributieverliezen te verminderen. Hoofdstuk 5 laat zien dat er grote verschillen bestaan 

tussen de verliezen per land, variërend van 4% tot 25%, met 9% als mondiale gemiddelde.  

 

6. Hoe heeft het rendement van elektriciteitsopwekking zich ontwikkeld in het verleden en wat 

is de trend voor de toekomst? 

 

Hoofdstuk 6 geeft een overzicht van historische en verwachte trends van het rendement van 

fossielgestookte elektriciteitsopwekking in EU-27. In de periode 1990-2005 is het gemiddelde 

rendement voor gasgestookte elektriciteitsopwekking in de EU sterk is gestegen van 34% tot 

50%. Op basis van het aandeel en rendement van geplande capaciteit wordt verwacht dat dit 

verder zal stijgen naar 54% in 2015. Voor kolengestookte elektriciteitsproductie is het 

rendement toegenomen van 34% in 1990 tot 38% in 2005 en zal naar verwachting stijgen naar 

40% in 2015. De verbeteringen zijn vooral een resultaat van nieuwe efficiëntere 

productiecapaciteit. Het aandeel van gasgestookte elektriciteitsopwekking in totale fossiele 

elektriciteitsopwekking in de EU steeg van 11% in 1990 naar 34% in 2005 en zal naar 

verwachting naar 46% stijgen in 2015. De gemiddelde CO2-intensiteit voor fossielgestookte 

elektriciteitsopwekking (op basis van methode 3) in de EU is gedaald van 920 g / kWh in 

1990 tot 720 g / kWh in 2005, voornamelijk als gevolg van een verschuiving van kolen naar 

aardgas en een rendementsverhoging van gasgestookte elektriciteitscentrales. Voor de periode 

2005-2015 wordt een verdere daling verwacht naar 630 g / kWh. De verschuiving van kolen 

naar gas heeft een dubbel effect op de CO2-intensiteit, door het hogere rendement van 

gasgestookte centrales alsmede door een lagere koolstofintensiteit van brandstofinvoer (56 kg 

CO2/GJNCV voor aardgas in vergelijking met 95 kg CO2/GJNCV voor steenkool).  

Op basis van deze trends wordt geschat dat de uitstoot van broeikasgassen van 

elektriciteitsproductie in EU27 zal stijgen met 10% in 2020, in vergelijking met het niveau 

van 2005. Dit komt door de sterke groei in fossiele elektriciteitsproductie, ondanks een 

aanzienlijke daling van de CO2-intensiteit van 720 g/kWh in 2005 tot 590 g/kWh in 2020 

(daling van 19%).  
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Het verschil tussen gemiddelde opwekkingsrendementen per land blijkt groot te zijn. Zo 

varieert het rendement in 2005 van kolengestookte elektriciteitsproductie van 28% 

(Slowakije) tot 43% (Denemarken), voor gasgestookte elektriciteitsopwekking van 30% 

(Roemenie) tot 55% (Spanje) en voor oliegestookte elektriciteitsopwekking van 23% 

(Tsjechië) naar 46% (Italië). Dit betekent dat het potentieel voor rendementsverbeteringen om 

energie te besparen sterk landsafhankelijk is. 

 

7. In welke mate kan CO2 afvang en opslag bijdragen aan het reduceren van 

broeikasgasemissies in de toekomst? 

 

Hoofdstuk 7 richt zich op de mate waarin recentelijk gebouwde en geplande 

elektriciteitscentrales in de Europese Unie (EU) 'capture-ready' zijn. Dit betekent dat deze 

centrales gebouwd zijn met de mogelijkheid om in de loop van de levensduur van de centrale 

CO2 afvangtechnologie te installeren. 

Er is data verzameld met behulp van enquêtes en interviews met elektriciteitsproducenten. Uit 

de resultaten blijkt dat de meeste pas gebouwde fossielgestookte elektriciteitscentrales niet 

ontworpen zijn als capture-ready. Van de totale geïnstalleerde fossiele capaciteit in EU27 in 

2008, werd 20% of 91 GW in de periode 1998-2007 gebouwd (11 GW gas en 72 GW kolen 

en 8 GW olie). Verder is er een gepland vermogen van 190 GW (127 GW gas en 63 GW 

kolen en 3 GW olie). Voor deze centrales is gebleken dat van de 20 kolencentrales waarvoor 

data was verzameld er 13 gebouwd zouden worden als capture-ready (65%). Voor de 

geplande gasgestookte centrales, werden slechts 2 van de 31 centrales gebouwd als capture-

ready (6%).  

De meeste van deze recent gebouwde en geplande capaciteit zal naar verwachting in werking 

blijven tot na 2030 en zal circa 35-40% van de totale verwachte capaciteit in 2030 (966 GW) 

vertegenwoordigen. De geschatte CO2 uitstoot van deze capaciteit in 2030 bedraagt 950-1150 

Mton CO2 (equivalent aan 70-85% van de emissies van elektriciteitsproductie in 2005).  

Op basis van deze data wordt geschat dat CO2-afvang toegepast kan worden bij 15-30% van 

de fossiele capaciteit in 2030. Als CCS wordt toegepast op deze centrales kan 14-28% van de 

CO2-uitstoot van fossiele elektriciteitsproductie in 2030 vermeden worden, wat overeenkomt 

met 220-410 Mton CO2.  

De resultaten in hoofdstuk 7 laten een duidelijk verschil zien tussen kolen- en gasgestookte 

capaciteit. Omdat de CO2-intensiteit (g/kWh) van gasgestookte centrales ongeveer 50% lager 

is dan de CO2-intensiteit van kolengestookte centrales, is de stimulans om CO2 afvang toe te 

passen kleiner. De kosten voor CO2-afvang per ton CO2 zijn hoger. Echter het aandeel van 

gasgestookte elektriciteitsopwekking groeit en is naar verwachting verantwoordelijk voor 

37% van broeikasgasemissies van elektriciteitsopwekking in 2030 in EU27. Het is daarom 

belangrijk om ook geplande gascentrales geschikt te maken voor CO2 afvang, om ambitieuze 

CO2-emissiereductiedoelstellingen te bereiken.  
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Ten slotte komen we terug op de hoofdvraag:  

Welke rol kunnen rendementsverbeteringen van fossiele elektriciteitsopwekking spelen bij het 

reduceren van broeikasgasemissies? 

 

Geschat wordt dat door de toepassing van best-practice technologieën het rendement en de 

uitstoot van broeikasgassen van elektriciteitsproductie kan worden verminderd met 29% 

wereldwijd. Dit betekent dat alle elektriciteitscentrales zouden presteren op het hoogst 

haalbare rendement, zonder wijziging in brandstofmix en bij gelijkblijvende 

elektriciteitsproductie. De elektriciteitsvraag is wereldwijd in de laatste jaren echter sterk 

gegroeid met 3% per jaar in de periode 1990-2007. Als deze groei zich doorzet in de periode 

tot 2030 zou dit betekenen dat elektriciteitsproductie is verdubbeld in 2030, ten opzichte van 

2007. Met het oog op doelstellingen om de uitstoot van broeikasgassen te reduceren zijn dus 

andere opties naast rendementsverbeteringen nodig.  

Dit beeld wordt bevestigd door de case studie voor de EU. Ondanks klimaatdoelstellingen is 

er een grote hoeveelheid nieuwe fossiele capaciteit gebouwd en gepland. Door het plaatsen 

van nieuwe efficiënte productiecapaciteit is het rendement voor gasgestookte 

elektriciteitsopwekking in de EU gestegen van 34% in 1990 tot 50% in 2005. Voor 2015 

wordt een verdere stijging verwacht naar 54%. Voor kolengestookte elektriciteitsproductie is 

er een toename van 34% in 1990 tot 38% in 2005 en een verwachte stijging naar 40% in 

2015. Ondanks deze rendementsverbeteringen, wordt verwacht dat broeikasgasemissies in 

2020 zullen zijn gestegen met 10% ten opzichte van 2005, door een toename van fossiele 

elektriciteitsopwekking. 

Ook blijkt dat een groot deel van de nieuwe capaciteit niet de mogelijkheid heeft om CO2-

afvangtechnologie toe te passen. Dit leidt ertoe dat naar verwachting CO2-afvang kan worden 

toegepast op slechts 15-30% van elektriciteitscentrales in 2030. 

De hoeveelheid nieuwe fossiele capaciteit leidt dan ook tot problemen voor het behalen van 

klimaatdoelstellingen. Niet alleen door de beperkte mogelijkheid om CO2-afvang toe te 

passen maar ook door de lange levensduur van de centrales, die de kansen voor duurzame 

energie verkleinen. Duurzame energie is een van de andere belangrijke opties om 

broeikasgasemissies van elektriciteitsopwekking te realiseren, naast energiebesparing. In dit 

proefschrift blijkt dat energiebesparing een grote rol kan spelen. Elektriciteitsverbruik in een 

“business as usual” scenario groeit van 17 PWh in 2005 tot 47 PWh in 2050 wereldwijd. Bij 

toepassing van technische maatregelen voor energiebesparing worden verwacht dat dit 

beperkt kan worden tot 22 PWh. Dit is een vermindering van 53% in vergelijking met het 

verwachte elektriciteitsverbruik in 2050, maar nog steeds een groei van 29% in vergelijking 

met het niveau van 2005. Door het beperkte potentieel van verschillende opties om 

broeikasgasemissies te beperken, volgt dat een menu met opties nodig is om de uitstoot van 

broeikasgasemissies van elektriciteitsopwekking te verminderen. 
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