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Introduction

A significant reduction in greenhouse gas emissions is required if climate change is to be 
limited to an acceptable level. This will involve a radical change in the energy system and 
will take some time. Achieving such a change is a complex task – as well as providing 
many chances, it also raises many questions concerning energy resource availability, the 
opportunities offered by innovative technologies and the achievability of institutional 
change. A period of 40 years (up to 2050) in this context is actually quite short.

There are four important pillars for a clean energy system: reduction in energy demand; 
biomass; carbon capture and storage; and more use of CO2-free electricity (wind, solar, 
nuclear). Each of these pillars will play a crucial role, but there are uncertainties about the 
possibilities of innovative technologies, the availability of new resources and the 
feasilibility of institutional changes.

The Dutch Government plans to present a roadmap towards a cleaner country by 2050. 
This roadmap may form the foundation for a more clear and consistent policy, focusing 
on the long term. Further development and implementation of each of the four pillars are 
important elements of such a policy. Its realisation will have the character of a search, 
taking into account new knowledge and changing circumstances.

It is up to stakeholders and public bodies to gradually implement this roadmap. The PBL 
Netherlands Environmental Assessment Agency has supported this policy process 
together with the Energy research Centre of the Netherlands (ECN), by exploring technical 
possibilities and steps to take, the results of which are presented in this report. 

Professor Maarten Hajer
Director PBL Netherlands Environmental Assessment Agency
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Exploration of 
pathways towards  
a clean economy  
by 2050 
How to realise a climate-
neutral Netherlands

Summary

•	 Many different scenarios are possible for a low-CO2 energy system that delivers an 80% 
reduction in greenhouse gas emissions by 2050. It is certain that such a system will be 
very different from the present one, and that this will require a comprehensive and 
prolonged process of change. Developing innovative technologies will take many 
decades, as will the replacement of existing products and processes with new products 
and processes and the development of the associated production chains and 
infrastructure. Companies involved in these processes rely strongly on one another for 
a return on their investments and therefore take a cautious approach. As a result, a 
time frame of 40 years is considered narrow. 

•	 The transition to a clean economy in the Netherlands by 2050 will be based on four 
pillars: reduced energy demand, the use of biomass, carbon capture and storage, and 
zero CO2 emissions from electricity generation (wind, solar and nuclear energy) in 
combination with a larger share of electricity in the total energy consumption 
(electrification). Failure to apply any one of these could result in excessive pressure on 
the other three. Given the many uncertainties surrounding the implementation of each 
of these pillars to their maximum capacity, this would present a high-risk strategy.

•	 Based on moderate economic growth and taking into account current policy, the energy 
demand in 2050 could be almost 15% higher than it is now. However, a strict energy-
saving policy may be able to realise a further reduction of 30%. To achieve such a 
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reduction, it will probably be necessary to implement also expensive savings measures, 
supplemented to a limited extent with behavioural change.

•	 Without the implementation of biomass, emission reductions of 80% will be close to 
impossible. The Netherlands will probably need to import biomass, although there is 
great uncertainty about a sustainable global supply. The higher the demand for 
biomass, the higher the risk of increases in greenhouse gas emissions due to indirect 
land-use changes. 

•	 Biomass is preferably used to produce liquid biofuels and green gas. These can be used 
in sectors for which there are few or very uncertain alternatives in 2050, such as in 
aviation, road freight, small industry and existing buildings. There are many clean 
alternatives for electricity generation, which makes it less favourable to apply in power 
stations into the future vision.

•	 Combining biomass with carbon capture and storage (CCS) in fuel production is 
important as this makes it possible to achieve negative emissions (carbon sequestered 
from the atmosphere is first stored in plants and trees, then finally ends up 
underground). This can be used for compensating residual emissions that are difficult 
to remove entirely, such as non-CO2 greenhouse gases from agriculture.

•	 Carbon capture and storage is also highly relevant for large industrial plants and power 
stations. The Netherlands has a fairly large storage capacity in empty gas fields, but this 
will not be sufficient for the potential demand under various system scenarios. There 
are very large aquifers in the north-western part of the North Sea which may have 
sufficient capacity to meet the needs of the whole of Europe for the coming decades. 
However, the lack of experience in filling such storage reservoirs to maximum capacity 
means that there is still considerable uncertainty regarding actual storage capabilities, 
in particular with regard to aquifers.

•	 Wind turbines, nuclear power stations and solar panels do not produce any direct 
greenhouse gas emissions. They also have the potential to produce much more than 
the current electricity demand in the Netherlands. This, in combination with a shift in 
energy demand from fuels to electricity, could provide a basis for a clean system. The 
use of electrical heat pumps and electric vehicles are also part of the electrification 
scenario. It may also be possible to convert any temporary surplus of electricity into 
hydrogen. The technologies named, therefore, will make a significant contribution in 
2050, although it would be going too far to say that any single technology will be 
indispensable. 

•	 A disadvantage of these technologies as far as electricity generation is concerned, and 
this applies in particular to wind and sun, is the limited control over supply. This makes 
it difficult to match supply to demand. One effective solution strategy would be to 
increase the interconnection with the rest of Europe, and possibly North Africa. At this 
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scale, supply and demand patterns would level out, to some degree, and pumped 
storage could also be used as an additional balance strategy. However, the construction 
of a pan-European electricity grid will require the cooperation of all European 
countries, and this will not be an easy task.  One alternative which would give the 
Netherlands more control would be to convert any surplus of clean electricity into 
energy carriers, such as hydrogen or hydrocarbons. 

•	 The total direct annual cost in 2050 of an energy system that produces a maximum of 
45 Mt in greenhouse gas emissions is projected to be between 0 and 20 billion euros 
more, annually, than under a continued use of current technologies. Costs cannot be 
determined more accurately due to uncertainties around cost levels of many still 
developing technologies combined with changes in the price of fossil fuels and 
biomass. Capital costs for energy supply and energy-saving measures are expected to 
increase, and fuel costs to decrease. There will also be a significant decrease in the 
dependence on oil, gas and coal. These probably higher direct costs may be offset by 
positive external effects on health and ecosystems and savings related to the avoidance 
of climate change damage and the costs of adaptation. However, this is not explored 
any further in this report or included in the results.

•	 The various technologies that may play a significant role in 2050 (e.g. biomass 
gasification, carbon capture and storage, and vehicles running on electric motors) will 
not be required to achieve the policy goals for 2020. Their still relatively high costs 
mean that they are not suited to a cost-effective approach in the short term. However, 
innovation policy that focuses on these technologies and associated systems is 
required now in order to achieve the goal for 2050. 

•	 Technology learning is largely an international process. Participation by the Netherlands 
in this process it is not necessary for all new technologies. However, delaying the 
process for too long will mean that these technologies are less likely to be used to their 
full potential in the Netherlands by 2050. After all, experience with implementation and 
maintenance of new technologies also has to take place on a national level.

•	 Further exploration of the pathway towards a clean economy is up to stakeholders and 
government. However, specific attention should be paid to the further implementation 
of innovative technologies, suitable funding mechanisms, choice of instruments, cost 
distribution, new public–private partnerships, the scope for public initiatives and 
making use of new market opportunities. In doing so, it is essential that international 
developments are also explored. Neighbouring countries (in particular, Germany, the 
United Kingdom and Denmark) provide useful examples, and it may be beneficial to 
strengthen cooperation with these countries.
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Introduction: 
starting point and 
approach

In March 2011, the European Commission produced a roadmap outlining how greenhouse 
gas emissions in Europe could be reduced by 80% from 1990 emission levels, by 2050. 
Europe needs to make such a reduction to limit global warming to two degrees Celsius. 
Other developed and developing countries are also expected to make an appropriate 
contribution. The current Dutch Cabinet has decided to produce a similar roadmap for the 
Netherlands. The Dutch Ministry of Infrastructure and the Environment asked the PBL, 
ECN and TNO to produce a summary of the opportunities and technical possibilities 
associated with such a significant reduction in emissions. Although our analysis is also 
based on this 80% emission reduction, we are aware that, to date, no targets have been 
set for individual countries, and that the reduction percentage for the Netherlands could 
be less or more than that for Europe as a whole. However, whatever the situation, 
significant reductions are certain to be required, from the climate policy perspective. 

The 2050 time horizon may seem far away, but the impact of such a significant reduction 
means that there is no time to lose. The time between now and the target year of 2050 
must be used to the full to achieve required innovations at system level. After all, freeing 
ourselves from the existing system will be no easy task. The construction of a new system 
that makes use of more sustainable and cleaner technology will take many decades, and 
the investments made over the coming years will partly determine the situation in 2050. 
In addition, the necessary preparations, the learning process and putting in place the 
required partnerships and procedures will also take time. Therefore, a vision must be 
developed today for a pathway to a low-emission society in 2050, and the transition 
process must be entered into immediately.
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To this end, this report explores various possible pathways to various possible final 
destinations. The purpose of this exploration is to support further development of the 
roadmap by the various stakeholders involved, including the Dutch Government. 
At present, a large share (about 80%) of greenhouse gas emissions is the direct result of 
the use of fossil fuels. The remaining 20% comes from food production, waste removal 
and industrial processes. A reduction of 80% primarily requires a fundamental change in 
the energy system, which therefore is the focus of this report, although the other sources 
are also briefly discussed. The focus is on the Netherlands, although of course within the 
European and global context, and under the assumption that the rest of the world also 
works towards a strong climate policy. 

The analysis applies the backcasting method, which involves backtracking from desired 
outcomes to determine which steps would be required now (see Figure 1). First, an 
analysis was made of which clean energy systems are technically feasible, and this 
produced many different variations. From this, we distilled the importance of various 
technologies, and addressed the steps required for their realisation, as well as the order in 
which they would need to be taken. The roadmap includes not only implementation 
pathways for robust elements, but also learning pathways to make good choices along 
the way. The total process will be a quest with many uncertainties along the way, 
including cost. Our aim, therefore, was not to outline the most cost-effective system for 
the long term, but rather to explore the range and diversity of possibilities.

Figure 1
Methodology  of backcasting and steps to follow

Desired quality in the long term

First steps:
Which steps to take, by whom should they be taken, and with which policy support?

Robust elements of
these system options

Implementation pathways
(Road maps)

Learning pathways
(Road maps)

Uncertainties about parts
of the system options

System options for the long term
to realise the desired quality
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The current Dutch 
energy system

This section outlines the current state of the Dutch energy system. This provides an idea 
of the order of magnitude, but is also important as future energy demand will be partly 
determined by the current status of the built environment, industrial production and 
infrastructure.

Figure 2 provides a summary of the current energy flows in the Netherlands. The different 
colours represent the various energy carriers and the width of the flows their relative 
volumes. As can be seen, the Netherlands has a large oil re-export (crude oil and oil 
products), and refinery products are intended mainly for export and bunkers (fuel bought 
in the Netherlands for international shipping and aviation). A relatively small proportion 
of oil products (e.g. petrol, diesel, naphtha, fuel oil) are for the Dutch transport sector and 
industry. The Netherlands clearly produces a lot of natural gas, half of which is for export, 
but a fair amount is also imported. The energy-using sectors (services, households, 
agriculture, industry and transport) are indicated on the right-hand side of Figure 2. 
Energy use by households, services and agriculture is mainly in the form of gas (for 
heating) and electricity (primarily generated by gas and coal). The use of residual heat 
from energy conversion (in power plants, CHP plants and refineries) can also be seen.

The current annual energy consumption of the combined end-use sectors (services, 
households, agriculture, industry and transport) is about 2,800 PJ (1 petajoule = 1015 
joules). This includes non-energy uses, such as the production of plastics using oil and 
gas. Roughly another 700 PJ is used to produce electricity and transport fuels from crude 
oil. Total energy use in the Netherlands is about 3,500 PJ. The CO2 that is released from 
the combustion of 1 PJ of gas, oil or coal is about 57, 73 and 94 kilotonnes, respectively. 
CO2 emissions from the combustion of gas, oil and coal, therefore, total about 180 Mt 
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CO2 (including process emissions). Roughly an additional 30 Mt of other greenhouse 
gases (CH4, N2O and F gases) are emitted from agriculture and industry. Emissions from 
international aviation and shipping are also included in this study, calculated in 
proportion to the Dutch share of global GDP. Although not included in national 
emissions in current international treaties, they of course also contribute to climate 
change. Calculated in this way, the contribution from international transport amounts 
to more than 10 Mt. 

Figure 2
Energy �ows in the Netherlands, 2009

Natural gas

Crude oil 

Petroleum products

Coal

Nuclear energy

Electricity

Heat

Waste, biomass, 
biogas, biofuel

Winning

Sustainable

Import Stocks

Power plants and waste incineration 

Decentralised cogeneration

Transport

Agriculture

Households

Industry

Services

Re�neries

Export StocksBunkers

Energy flow diagram representing current energy management in the Netherlands. The width of the flows 
represents the relative energy volumes. From left to right, the diagram shows energy production (far left), various 
energy conversions, and the end use in various sectors (far right). From top to bottom, the diagram shows import 
and export, energy use for international transport (bunkers) and stock changes.
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In 1990, greenhouse gas emissions in the Netherlands from the sources named were 223 
Mt CO2 equivalent. A reduction target of 80% from 1990 levels, therefore, implies a 
reduction of almost 180 Mt, in order to reach a level of 45 Mt CO2 equivalent by 2050. This 
equals an average annual reduction of 4.5 Mt over the next 40 years – something which 
represents a huge challenge, given that emissions have failed to decrease over the last 20 
years, despite all the policy and technology developments.
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Reference scenario 
for 2050

To get an idea of the amount of energy required in 2050 we need to make a number of 
assumptions about future production and consumption levels in the Netherlands. The 
assumptions made in this report are based on the Reference Projection, a report by ECN 
and PBL (ECN/PBL, 2010) that projects developments in demand for goods, services and 
transport. For this report, we extrapolated these projections to the year 2050. 

The reference scenario assumes no drastic changes in the economic structure of the 
Netherlands. The country will retain its energy-intensive industry and its trade will 
continue to focus primarily on Europe. The relative importance of the service sector, 
however, is thought to increase. An annual economic growth of 1.7% is assumed up to 
2020, after which it will decrease to 1.3% (with productivity continuing to increase but 
with a decreasing working population after 2020). The assumption made in this study is 
that the population will increase from the current level of 16.5 million to 17.5 million by 
2050. 

All these developments have an effect on emissions. However, technology will also 
continue to develop, sometimes as a result of existing policy. This results in a reference 
scenario for 2050 in which the end-use sectors consume almost 15% more energy than at 
present, and in which greenhouse gas emissions remain more or less steady at current 
levels. This report discusses the possibilities for realising an emission level of less than 45 
Mt, under the activity levels assumed in the 2050 reference scenario.
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The economy as well as the energy demand could differ significantly in 2050 from that 
outlined above. However, this is implicitly incorporated into the analysis of clean 
economy options that is based on various levels of energy demand, which has the largest 
influence on greenhouse gas emissions. 
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Four pillars for  
a low-emission  
system

Four groups of mainly technological options can be defined that form important pillars 
for a future low-emission system:
•	 reduction in energy demand;
•	 biomass application to fully or partly replace coal, gas, oil and oil products;
•	 carbon capture and storage;
•	 electricity generation without direct CO2 emissions (wind, solar and nuclear energy) in 

combination with end-user electrification.

These four groups of technological options can each be implemented at many points in 
the energy system. They include a wide variety of already existing technologies, although 
many of these are still in the development phase. It is of course also possible that new 
technologies will be developed between now and 2050, but the chance that they will 
make a significant contribution to the energy system as early as 2050 is small. Each of the 
pillars named offers many possibilities, but also has its limitations. This chapter addresses 
these limitations first. 

This study focuses primarily on the reduction in greenhouse gas emissions, and does not 
address other pros and cons of the technologies. The risk associated with nuclear energy, 
for example, is not discussed. 

4.1	 Reduced energy demand

Greenhouse gas emissions are related to production and consumption and thus are 
coupled to the level of economic activity by 2050. As the economy continues to grow, an 
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increase in these activities can also be expected. In the hypothetical situation that the 
2050 state of technology equals that of today, this would imply a significant increase in 
energy consumption (see Figure 3, current technology). Three types of policy strategy 
options to reduce energy demand can be defined: more efficient production processes, 
more efficient products and changes in consumer behaviour. Each of these options can be 
expected to result in improvements, partly due to existing policy, such as new standards 
in housing construction and for electrical appliances and passenger vehicles. Despite 
these independent efficiency improvements, however, the reference scenario shows an 
increase in energy consumption of almost 15% compared with current levels (Figure 3). 
This increase takes place mainly in traffic (including aviation) and industry. The amount of 
heating required in buildings will decrease. A number of additional measures could also 
be taken to further reduce energy demand, and are briefly described below.

First of all, efficiency improvements could be made in production processes and chains. 
There are many different processes and products, and many of these will be very different 
in 40 years’ time, so that it is only possible to give rough estimates of the potential total 
savings. Savings of 1.5%, annually, considered reasonable up to 2050, will result in a 
limited reduction compared with the reference scenario. Such savings can be realised if 
equipment is replaced with the best available technology, as well as the newest 
processes, electric motor systems and separation techniques and residual heat system 
configurations, must be used.

Secondly, product designs and specifications can be adapted to make their use more 
efficient (eco efficiency). The insulation of buildings is an important example of more 
efficient design. Figure 3 shows the potential savings that can be made if the energy 
performance of existing homes, on average, is brought up to a higher energy efficiency 
level. Cars can also be made more efficient, as can the electrical appliances used in homes 
and businesses.

Finally, consumers can make other choices, such as using the bicycle or public transport 
rather than the car, setting the thermostat a degree lower or eating fewer animal 
products. The savings expected to be achieved in practise through such behaviour 
changes are usually in the order of 10% to 15%, although this of course depends very 
much on the importance attached to such changes by consumers. 

If fewer animal products are consumed, or products are manufactured using lighter 
materials, then the corresponding reduction in emissions will be seen in the relevant 
production chains. Due to the relatively large amount of import and export, such 
emission reductions will in many cases not be seen in industry or agriculture in the 
Netherlands itself, but could be significant from a global perspective.
The above-mentioned measures reduce the total expected energy demand by about 30% 
compared with the reference scenario (Figure 3, potential technological options).  The 
energy demand in the analysis, therefore, varies between that of the reference scenario 
and a level of 30% lower.
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4.2 	 Biomass

Sustainably produced biomass is an attractive potential replacement for coal, oil products 
and natural gas, as the CO2 released during combustion is compensated for by that 
sequestered when growing the biomass. These emissions are therefore not included 
in total emission figures. Biomass can be used to produce various forms of energy 

Figure 3

Reference image, 2050
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Energy demand in 2050, based on activity levels in the reference scenario. This shows the energy demand if current 
technologies are applied, the energy demand with efficiency improvements as assumed in the reference scenario, 
and if maximum technological potential is applied to reduce energy demand.  A number of consumer changes are 
also included in the last variant.
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carriers: solid, liquid, gas (including hydrogen), warm water and electricity. With so many 
applications, a rapid increase in demand is possible, although the sustainable global 
supply is not unlimited. Estimates of availability in 2050 vary enormously. Based on most 
literature sources, a sustainable supply of 150 EJ (1 exajoule = 1018 joules) is considered 
reasonable. It could be higher, up to 400 EJ, but the uncertainties regarding the 
sustainable production of such a large supply will then also increase. A number of factors 
determine the spread in the potential availability of biomass in 2050:

•	 Land is required to grow biomass, and this applies to both agricultural products and 
timber plantations. This is always at the cost of other land-use functions, and in 
practice mostly at the cost of natural systems. The potential for biomass increases as 
land is freed up due to productivity improvements in agriculture and forestry, but this 
land may also be required to meet the growing demand for food and, in particular, 
animal products. Different scenario assumptions result in differences in calculated 
potential. Poor or degraded soil that is of little use for food production or biodiversity is 
also assessed and it is possible that a reasonable yield could be obtained from some 
energy crops in these soils. However, from a farm economics point of view, the 
feasibility is questionable and better quality land continues to be more attractive. 

•	 The use of waste from businesses and homes and waste products from agriculture and 
forestry does not require land. However, there is uncertainty about the availability of 
these products for energy applications. After all, some of these products can have or be 
given other uses, such as cattle feed.

•	 Much of the estimated biomass potential is in countries with a less well-developed 
organisational structure. The question is whether the required institutional changes can 
be realised in time to achieve the estimated potential.

•	 New raw materials may also be found for bio-energy, such as algae. However, this is 
currently unfeasible from an economic point of view. The learning curve needs to be 
followed to reduce the costs, but there still remains much uncertainty about the 
possible result.

The Netherlands may be able to supply about 200 PJ of biomass in 2050 for the energy 
system, but this will probably not be enough to meet demand. What will a global supply 
of 150 EJ, or possibly 400 EJ, mean for potential import? If equally shared amongst the 
world’s population, the Netherlands will have a supply of about 300 to 750 PJ; if shared 
according to unit national product, it will be more than double this amount. However, 
we also need to take into account the fact that countries with a lot of biomass will 
also be a relatively large consumer, and that only dry biomass can be transported over 
long distances. The future supply for the Netherlands varies in the analyses between 0 
and 1000 PJ, and concerns just primary energy. Losses will still take place as a result of 
conversion into biofuels, green gas, electricity or heat, for example.
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A future global shortage will result in increasing biomass prices, although efficiency 
improvements in agriculture could cause a decrease in price. It is therefore unclear what 
supply will be available, and at what price. Furthermore, biomass-exporting countries 
also have to meet greenhouse gas emission targets and will have an interest in CO2 
sequestration within their own borders. 

Emissions also take place in the production chains of all raw materials and clean 
technologies, often beyond our borders. This is particularly relevant in the case of 
biomass as greenhouse gas emissions are not only the result of transport and cultivation 
through the use of artificial fertilizer and agricultural vehicles. If, for example, land is 
converted directly or indirectly into agricultural land, a lot of extra CO2 is initially released 
into the atmosphere as natural soils usually contain more carbon than agricultural soils. 
So much CO2 can be released into the atmosphere that, under certain conditions, it 
cancels out the total emission reductions obtained by using bio-energy to replace fossil 
products over several decades. Biomass-related greenhouse gas emissions due to land 
use and land-use changes outside the Netherlands are not included in figures for the 
Netherlands, although they are the result of its use in the Netherlands. This is important 
in the further development of sustainable criteria. 

4.3 	 Carbon capture and storage

Large industrial plants can use CO2 capture to reduce emissions to the atmosphere. There 
are various storage possibilities, the most important of which are deep-water layers (salt-
water aquifers) and empty gas and oil fields. In the Netherlands, this mainly concerns 
empty gas and oil fields with a total of about 2,200 Mt storage capacity, half of which 
is below land. One option is the Slochteren gas field, but this will not be empty by 2050 
and probably for many more years, and is therefore not yet available for CO2 storage. To 
keep costs under control, the storage capacity must be available over a certain period, 
preferably for at least the lifetime of the industrial plants and facilities that make use of it. 
Assuming a period of 50 years, there is a storage capacity of over 40 Mt a year available, 
or half of this if the decision is made not to store CO2 below land. 

Initial inventories made in Europe show that there is sufficient storage capacity to be able 
to store the estimated emissions from the large industrial plants in western and central 
Europe for a much longer period. More than half of this capacity is in a few large aquifers 
in the Norwegian area of the North Sea, and given the expected emissions for Europe in 
2050, it is estimated that only 5% of the capacity of these aquifers will be used. A 
relatively small amount of CO2 has been stored in one of these aquifers for a number of 
years already. The location of this aquifer, just 800 kilometres from the Netherlands, is 
not particularly unfavourable. If this aquifer can be used to its full assumed capacity then 
storage capacity will no longer be a limiting factor for the Netherlands. 
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However, storage capacity is subject to much uncertainty. For example, there is as yet no 
experience in pumping in CO2 to full capacity deep underground. Gas and oil field storage 
capacity estimates are still based on knowledge about and the many experiences with the 
management and exploitation of these fields, whereas the effects of large-scale CO2 
storage in aquifers have only been analysed based on simulation models. The 
uncertainties regarding the actual storage capacity in aquifers are therefore large. Partly 
due to the possibilities for storage outside the Netherlands, the available storage capacity 
in the analyses carried out in this study varies between 0 and 100 Mt a year.

4.4 	 Electrification and zero-CO2 emission electricity 
	 generation 

Various technologies are available to generate electricity with zero CO2 emissions. Wind 
turbines, solar panels, nuclear power stations, possibly geothermal energy and other 
technologies are capable, at a cautious estimate, of potentially producing 350 PJ (about 
100 TWh) a year in the form of electricity. A more optimistic estimate produces a figure 
of more than double this amount. Spatial limitations need not hinder zero-CO2 electricity 
generation, and replacing more and more fuel use in industry, buildings and transport 
with electricity will lay the foundations for a low-CO2 energy system. 

It is however difficult to control the electricity supply using the technologies named, so 
that their potential cannot be made use of immediately. Wind, for example, has an 
unpredictable supply profile. The sun is more predictable, but its contribution is limited 
during the winter months when demand is high. Nuclear energy generates a constant 
supply, and while the new generations of nuclear power plants are expected to be more 
flexible, the technology is not suited to matching short-term supply and demand 
changes. This makes it less suitable for use in conjunction with a high percentage of solar 
and wind energy. An electricity supply in which wind energy makes a greater contribution 
than solar energy produces a supply profile that best matches daily and seasonal 
fluctuations in the load profile. Solar energy, however, does have the advantage that it 
can be used on a small scale, enabling individuals and companies to each make their own 
contribution to sustainable energy generation.

Gas provides flexibility in the electricity supply at a limited cost. A certain proportion of 
gas is therefore usually considered desirable in a system that makes use of difficult to 
control technologies. The amount used depends on other options, such as storage and 
the trade in electricity with other countries.

Storage technologies, such as batteries or the use of height differences in old mines, 
combined with hydropower and smart demand management, such as the charging of 
electric cars, can be used to further optimise the day-to-day match of supply and demand 
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in the Netherlands. However, this is not a solution for any imbalances over longer periods, 
in particular at the seasonal level. 

Solutions for seasonal matching are currently being looked for at the European level by 
consolidating and expanding the electricity networks between countries. The current links 
with neighbouring countries were initially intended as an emergency precaution, but the 
network has also been recently responsible for further developing the European market. 
The prospect of much more renewable energy means that interest is growing in a pan-
European network with a much greater exchange capacity between the various countries. 
It may even be possible to link North Africa to the grid. In this way, peaks in both supply 
and demand could be smoothed out and better matched to one another – completely so 
if use were also made of the large-scale storage opportunities provided by pumped 
storage. 

The Dutch electricity grid is already connected to the grids of neighbouring countries and 
the capacity for trade between countries is expected to greatly increase. Agreements have 
been made regarding further connections between countries in north-west Europe. A 
fully renewable electricity supply is however unlikely at this scale as both the load and 
supply patterns (with lots of wind energy generated in the North Sea) differ too little at 
this scale. As a result, some imbalance between electricity demand and supply will remain 
that cannot be fully compensated for by pumped storage in Scandinavia. Various studies 
are currently being carried out at differing scales regarding the further development of 
such a system, to obtain a better idea of the possibilities and limitations.

The role of clean electricity generation will be greater if there is a simultaneous shift in 
energy demand from fuels to electricity. This can be achieved using technologies, such as 
electric vehicles and electrical heat pumps in homes and businesses. Hydrogen, a clean 
fuel, can also be produced using electricity, making it a useful energy carrier in such a 
system. From a technical point of view, a major shift towards electricity and/or hydrogen 
is possible in many sectors. From a practical point of view however, this is so new for 
many companies that it is possible that it will only be achieved to a limited extent by 
2050. 

A pan-European electricity grid is an important part of the solution strategy considered 
here (electrification and zero-CO2 electricity generation), as is therefore the dependence 
on the cooperation of many countries in achieving it. There is an additional option, as a 
result of which the Netherlands will be less dependent on European cooperation and in 
which gas plays a central role. This option receives less attention, but can be regarded as a 
single solution to three problems: the supply – demand balance of electricity and heat, 
the destination of captured CO2 and the storage of energy. In this option, any excess 
electricity is converted into hydrogen. This hydrogen can be used directly or mixed with 
the gas supply (a maximum concentration of 10% is currently applied). If the potential 
market is too small, the hydrogen can be converted into methane (e-gas) or methanol 
through a chemical reaction with the captured CO2. The production of hydrogen is the 
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most critical step here as the fluctuating supply pattern for electricity is transferred to the 
electrolysis process, which can be relatively expensive.

4.5 	 Reduction in emissions of other greenhouse gases

The energy system does not include all the greenhouse gas emissions as there are other 
relevant emissions, in particular of non-CO2 greenhouse gases. Emissions of methane 
(CH4) from livestock farming and nitrous oxide (N2O) as a result of the use of fertilizers 
in agriculture are some of the most significant. Technological opportunities for reducing 
these emissions are rather limited, although improvements in milk production, cattle 
feed and the use of fertilizers and the fermentation of animal manure could help reduce 
emissions from around 16 Mt (projection for 2020) to 11 Mt CO2 equivalent. Given the 
desired 80% reduction in emissions to 45 Mt, these sources account for roughly a quarter 
of the emissions in 2050.

To achieve significant emission reductions, fundamental changes in the production 
structure are required. From a global point of view, a shift in production is pointless, 
rather a reduction and change in the consumption of animal products is required.

A significant reduction in non-CO2 greenhouse gas emissions from industry and the waste 
disposal process is possible, to an emission level of a maximum of 2 Mt CO2 eq. Major 
industrial N2O sources, such as nitric acid and caprolactam production are expected to be 
practically eliminated by 2050. Fluorine compounds used, for example, for cooling and 
etching are powerful greenhouse gases and can be replaced with less harmful substances. 
Methane emissions from dump sites will steadily decline to be almost negligible, and 
those from waste water treatments plants will be significantly reduced.
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Robust elements 
for the Netherlands 
in 2050

The previous chapter included a discussion of the possibilities relating to the important 
pillars for a clean economy. The next step is to investigate how these pillars can be 
combined to form a complete energy system that meets the emission reduction objective. 
To do this, analyses have been carried out using the E-Design model developed by PBL 
and ECN. This model covers the whole of the Dutch energy system, including electricity 
trade with foreign countries, and can be used to help design an energy system for the 
Netherlands in 2050. 

5.1	 Analysis criteria

The aim of the analyses is to define the importance of the four groups of technological 
options. This is done by using different scenarios for their potential use. For a reduction 
in energy demand, these scenarios are based on the analyses carried out in Section 4.1, 
in which the energy demand in the 2050 reference scenario is taken as a maximum and 
additional scenarios with a 10%, 20% and 30% lower demand are analysed.

For the biomass supply, CO2 storage capacity and potential zero-CO2 electricity 
generation, various scenarios are ranked within four categories, from limited to very high 
availability (see Table 1). Here too, the ranges resulting from the analyses in Chapter 4 are 
applied. Scenarios are also analysed in which a particular group of technologies or a 
specific technology is omitted.

Extensive electrification is also a system innovation that will take a lot of time. Even in 
the case of maximum electrification, the assumption is made that at least 20% of all 
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road traffic in 2050 will still have an internal combustion engine (based on the energy 
required), that at least 20% of the heating for buildings will be produced from gas and 
that at least 35% of the combustion processes in industry currently based on natural gas 
will still use gas. The sensitivity of these assumptions is further assessed the Full Results 
section of this report (only available in Dutch).

As a sensitivity analysis, both optimistic and pessimistic estimates of technology 
developments are made for all the scenarios (if the feasibility of the objective is not the 
same for both, then it is represented by a ‘?’ in Figures 4, 5, 7 and 8). 

5.2	 Achieving the objective: the dependence on resource  
	 availability and technologies

If all the pillars are only available to a limited extent, then it would not seem to be 
possible to achieve the objective of an 80% reduction in emissions (see Figure 4). In the 
case of moderate availability the objective is technically feasible, although still uncertain 
in the scenarios in which there is a higher energy demand. In the case of the high 
availability of the pillars, the objective would seem to be technically feasible in all the 
demand scenarios.

The next step is to investigate the necessity or robustness of the four pillars. Each pillar 
can produce a 30% to 40% reduction in emissions (based, for biomass, on a very high 
availability of 1,000 PJ). This is quite a lot, but not enough, and so pillars need to be 
combined. To produce these combinations, we ask the question for each pillar whether it 
is possible to do without it. Is it possible to achieve an emission level of 45 Mt in 2050 if 
one of the technology groups is not used? We only show the high or very high availability 
of the other pillars in Figures 5, 7 and 8, as it is not possible to achieve the objective in the 
case of moderate availability.

Table 1 
Annual resource availability and technology scenarios

Limited Moderate High Very high

Biomass (PJ) 250 500 750 1.000

CO2 storage capacity (Mt) 25 50 75 100

Wind, solar, nuclear energy (TWh)* 120 190 260 320

* Current demand in the Netherlands is about 120 TWh
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5.2.1 	 Dependence on energy demand
An 80% reduction in emissions is feasible given an energy demand equivalent to that in 
the 2050 reference scenario. It is even feasible given an energy demand 10% higher than 
that in the reference scenario, although this requires the high availability of resources and 
a high capacity for clean energy generation. However, a reduction in energy demand 
significantly reduces the dependence (also refer to Figures 5 to 8).

5.2.2 Dependence on biomass
The analyses show that, given the assumptions made, it will not be possible to achieve 
an emission level of 45 Mt in the Netherlands if biomass is not used, even if very high use 
is made of the other technology groups (see Figure 5). Residual emissions in agriculture, 
emissions from transport (in particular aviation, shipping and haulage), and residual 
emissions from industry, even when as much CO2 capture is applied as possible, mean 
that, together with other smaller sources, the target is still not met. Without biomass, 
even a reduction in emissions of 70% seems barely feasible. 

The question, therefore, is what is the minimum required amount of biomass? This 
depends very much on the energy demand and the availability of the other technologies 
(Figure 6). If all the other pillars were used to maximum capacity, 200 PJ would be 
sufficient. This is roughly double the amount of biomass currently used, and is equivalent 
to the potential supply within the Netherlands. However, the Netherlands will probably 
need to depend on biomass import to achieve the target. If the Netherlands only use the 
other pillars to a limited extent, it is highly possible that the supply of biomass will be 
insufficient, particularly if the energy demand remains relatively high.

Figure 4
Feasibility of 80% reduction in greenhouse gas emissions, by 2050
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Figure 5
Feasibility of 80% reduction in greenhouse gas emissions, 
without application of biomass, by 2050
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5.2.3 	 Dependence on carbon capture and storage
Without the use of carbon capture and storage, it will also be almost impossible to 
achieve the target (Figure 7). This would be easier if the final emission reduction in the 
Netherlands could be limited to 70% rather than 80%, but even then the high availability 
of other resources will be required, as well as extensive electrification. 

There may be just enough storage capacity below sea in the Netherlands for the CO2 
captured from industrial sources, but additional capacity is required for the capture of CO2 
from power plants and/or new biomass processing plants.

5.2.4 	 Dependence on zero-CO2 electricity generation 
An 80% reduction in emissions is possible without the utilisation of zero-CO2 
electricity generated using wind turbines, solar panels and nuclear power plants (or 
other technologies). However, it is only possible if extra energy-saving measures are 
implemented with regard to the reference scenario, and if there is a very high availability 
of sustainable biomass and a very high CO2 storage capacity in foreign aquifers (Figure 8). 
It is the combination of biomass and CO2 storage that makes this possible, as this results 
in the net extraction of CO2 from the atmosphere over the whole of the production chain. 
This achieves negative emissions, which compensate for residual emissions elsewhere in 
the system.

Figure 7
Feasibility of 80% reduction in greenhouse gas emissions, 
without application of carbon capture and storage, by 2050
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5.2.5 	 Conclusion
Omitting one of the technology groups from the future scenario makes it very difficult, if 
not impossible, to achieve an 80% reduction in emissions by 2050. It would mean making 
extensive use of the options within the other technology groups, and there is a high risk 
that this will not be possible to achieve in practise. For example, the supply of sustainable 
biomass may be lower than expected, and there will be a high level of dependence on CO2 
storage in a few large aquifers outside the Netherlands, with which there is little practical 
experience. The same applies to the dependence on a pan-European electricity grid, the 
success of which is certainly not guaranteed. Should a drastic reduction in the energy 
demand be required, it is unclear, partly due to the uncertainty concerning economic 
growth, whether this can be achieved using affordable technological measures alone. 

The best solution, therefore, would be to aim for a mix of these technology groups. The 
developments being made in sustainable biomass, CO2 capture, energy savings and zero-
CO2 electricity generation would therefore seem to be robust. However, there are many 
different options within these pillars as far as specific technologies and applications are 
concerned, and these are addressed in the next section.

5.3 	 The importance of specific technologies for 2050

In analysing the importance of specific technologies, a similar approach is taken to that of 
the analysis of the four pillars described above. For many of the scenarios, a calculation 

Figure 8
Feasibility of 80% reduction in greenhouse gas emissions, 
without wind, solar or nuclear energy, by 2050
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is made of whether the target can also be achieved without making use of a particular 
technology, or combination of two technologies. The number of scenarios for which this 
is not possible without the technology in question is taken as a measure of its relative 
importance. 

It can be assumed that the range of technological options is so wide that none of the 
specific technologies is considered absolutely essential. Nevertheless, there are 
differences in the importance of their contributions. This means that, in practise, not 
using a particular technology places a greater emphasis on the alternatives, with the 
associated risks described (in Section 5.2.5). The relative importance of each of the 
various technologies is briefly described in Table 2.

Table 2
A comparison of the importance of the availability of technologies for a clean 
economy by 2050

Technology Relative 
import-
ance 

Explanation

Wind on land Limited The technology fits in closely with the future vision but the potential 
for the Netherlands is thought to be limited, therefore not using this 
option can be compensated for by other technologies.

Wind at sea Large The technology fits in closely with the future vision and has a large 
potential. Not using this option will require the greater import of 
clean energy or a larger proportion of nuclear energy.

Solar-PV Limited The limited use of this technology fits in well with the future vision. 
However, it has its limitations (more so than wind) regarding the 
matching of supply and demand.

Nuclear energy Large The technology fits in closely with the future vision and has a large 
potential. Not using this option can be compensated for by wind and 
solar energy (supplementary solutions for matching supply and 
demand will then also be required) 

Gas-fired 
power plant 
with CCS

Limited This will become much more important if no pan-European electricity 
grid is built with a large exchange capacity. Gas power plants are 
important in providing a flexible supply. 

Coal-fired 
power plant 
with indirect 
co-firing of 
biomass and 
CCS

Very 
limited

Although a form of electricity generation with low, sometimes even 
negative, emissions, there are also clean alternatives, and many 
variants at the system level in which better use can be made of 
biomass and CO2 capacity for the production of fuels or green gas.

Heat from 
geothermal 
energy

Limited The technology fits in closely with the future vision but the potential 
for the Netherlands is limited, therefore not using this option can be 
compensated for by other technologies.
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5.4	 Emission reductions in the various sectors

A reduction in emissions of 80% in the Netherlands does not automatically imply the 
same reduction for all sectors. The resulting distribution of emissions will be completely 
different from in the current situation. The results of various future visions, calculated 
using E-Design and all of which result in an 80% reduction in emissions, have been 
compiled (Figure 9). The distribution gives a good indication, however it is not conclusive 
and there are also scenarios in which sectors have residual emissions outside the ranges 
indicated.

A few comments need to be made regarding these sectoral emission changes. First of all, 
a completely new system also involves many new processes. Examples that have a large 
influence on emissions are the processes involved in producing green gas or biofuels 
from biomass and the production of hydrogen, especially if this includes CO2 capture and 

Table 2  follow up
Technology Relative 

import-
ance 

Explanation

Solar heating Limited The technology fits in closely with the future vision but the potential 
for the Netherlands is extremely limited as supply is mainly available 
in the summer and additional technology is required in the winter.

Electrical heat 
pumps

Large This technology plays an important role in the electrification of 
industry, horticulture and buildings, helping increase the proportion 
of clean electricity used.

Micro CHP with 
hydrogen

Limited Hydrogen can be produced using electricity, but the energy losses are 
high if this hydrogen is then used to generate electricity. It would only 
be useful if hydrogen was used as a storage medium (a less obvious 
choice) or if it would be produced from biomass.

Micro CHP with 
methane

Very 
limited

Decentralised electricity generation that makes use of natural gas 
does not result in emission reductions if the centralised electricity 
generation system produces no, or very little, emissions. Local 
application with biogas may be a useful supplement.. 

Biomass 
gasification for 
fuels (+CCS)

Very large The production of biofuels (green gas, transport biofuels) is crucial 
for sources for which there are few clean alternatives. It also has the 
advantage that biomass gasification with the capture of CO2 released 
during the process has negative emissions.

Electric cars Large This type of vehicle may make an important contribution to 
electrification and therefore to the role of clean electricity, partly due 
to the flexibility provided by charging.

Hydrogen cars Large These vehicles could provide an alternative to electric vehicles but 
may be more useful as an additional option for road traffic over long 
distances such as road haulage.

CCS for 
industrial 
emissions

Large For many processes there are no alternatives, or the alternatives are 
shrouded in uncertainty.
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therefore results in negative emissions. The allocation of these processes is important 
in the distribution of emissions according to sector. In Figure 9, green gas and hydrogen 
production are allocated to the energy sector and liquid biofuel production to industry 
and refineries. Secondly, emissions from the combustion of green gas and biofuel are 
assumed to be zero, and the emissions released during the production of biomass 
therefore not included. Nevertheless, the traffic and transport sector still produces 
considerable emissions. This is because the assumption is made that electricity and 
hydrogen will not yet play a significant role in aviation and shipping in 2050.

5.5 	 Direct costs and economic effects

There are various technological scenarios for a low-CO2 Netherlands, for which more and 
less robust elements can be distinguished. Assessing the affordability of such a future 
system is however more difficult as the year 2050 is too far away to be certain of the 
costs of new technologies and the required infrastructure. Having completed the learning 
pathway, these costs are expected to be lower than at present, in some cases significantly 
lower, as a result of fundamental changes to the technology and greater experience 
and economies of scale. Both pessimistic and optimistic estimates of future costs and 
returns from technologies have been used in the analyses. Estimates of the prices of raw 
materials in 2050, including fossil fuels and biomass, are even more difficult to make. 
Reference is made to the IEA Energy Technology Perspectives 2010 for the costs of various 
technologies and future fuel prices. These prices depend on the chosen scenario (less use 
of fossil fuels results in lower prices). There are therefore many uncertainties, but it is 
nevertheless possible to name some of the effects.

Figure 9
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An economy based on a clean energy system probably involves higher costs than one 
based on current technologies (Figure 10). The extra costs in 2050 are estimated to be in 
the order of 10 billion euros, although this includes a large margin of error. If the learning 
curves for new technologies produce favourable results these extra costs may turn out to 
be lower than anticipated, and the future system may also turn out to be a little cheaper. 
However, there will certainly be a shift towards lower prices for and less dependence on 
raw materials, and to higher capital costs. This shift will be most marked if renewable 
energy and energy-savings measures play an important role. Using carbon capture and 
storage will always result in extra direct costs as this is an additional technology that 
requires extra energy. 

This study is limited to the direct costs of a clean energy system. A global approach to 
climate change will reduce the negative external effects of climate change on the 
environment and the economy; however these benefits are not priced in this study.

Figure 10
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In analysing the economic effects, we are of course not only interested in the costs in 
2050, but rather in the costs in the years leading up to this. These costs can present 
serious barriers. The required transition also offers opportunities for many companies, 
in particular with regards to international development. The barriers are largely related 
to learning curves for new technologies that are still relatively expensive. Learning 
costs for new, clean technologies are global costs, in particular where they concern 
the development of the technology itself and the required production technology. The 
Netherlands can choose focal areas in which it contributes to these learning processes 
and purchase the results at a later date of similar learning processes in other areas. 
However, it is necessary to gain experience in maintaining the new technologies and 
implementing them within the system, and these learning processes must also be 
followed in the Netherlands. 
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SI
X

Important steps  
in learning and 
implementation 
pathways

For new technologies, there is no clear-cut distinction between ‘robust’ and ‘non-robust’. 
The implementation pathway becomes a stronger element of the roadmap as the 
involved technology becomes more important for a clean economy by 2050. Questions 
would still need to be answered about the less robust technologies before decisions can 
be taken about large-scale implementation. The pathway that is chosen would then have 
a strong learning element.

A technology is more than an industrial unit or piece of equipment. A technology or 
technological concept also requires an accompanying system with its production chains, 
infrastructure and new organisational forms. These are new component systems that 
may form part of the future vision. The roadmap could, or should, include the most 
important steps to be taken to achieve implementation at the level of such component 
systems. An idea is given below of possible steps for some component systems, with an 
emphasis on those to be taken in the coming ten years. 

6.1	 First steps

Some examples are given below of possible actions to be taken between now and 2020, 
to illustrate how specific a roadmap for the coming years could be. Some steps focus on 
the implementation of robust options, others on improving knowledge about possible 
options.
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Bio-energy
•	 Utilisation of the fermentation potential.
•	 Defining sustainability criteria for biomass and all types of biofuels (gas, liquid and 

solid), relating both to direct and indirect effects.
•	 Continuation of research into the optimisation of processes and evaluation of 

demonstration projects (which pathways are most promising for scaling up?).
•	 Prepare the large-scale processing of biomass for import (in particular dry woody 

materials) into transport fuel and/or green gas. This includes issues such as choice of 
location and technology (possibly gasification), biomass supply contracts, licenses and 
storage locations of captured CO2.

Carbon capture and storage
•	 Choice of storage locations. For storage below sea this concerns the Dutch section of 

the North Sea with many small fields and a complex infrastructure and/or storage in 
Norwegian aquifers combined with the construction of a pipeline, possibly also to be 
used by other European countries. 

•	 Contracting phase. Companies require certainty before they decide to invest. 
Companies that produce emissions need certainty about the costs involved in 
unloading the CO2, whereas companies wanting to invest in transport systems (e.g. 
pipelines) or storage facilities need guarantees about sufficient supply.

•	 Research into innovative capture technology combined with practical testing.
•	 Make new power plants (both gas- and coal-fired) ‘capture ready’ (suited to CCS).
•	 Carry out demonstration projects and practical simulations using CO2 flows already 

available from industry.

Wind energy
•	 Realise the further potential of wind on land, partly to contribute to further cost 

decreases. Local initiatives and support are important. 
•	 Gradually introduce wind at sea, following the learning process without explosive cost 

increases. This contributes to growth in the sector, the Dutch offshore sector, harbour 
companies and suppliers.

•	 The government could collect basic data (e.g. wind speeds and effects on nature and 
the environment). This will reduce project pre-investment costs.

•	 Carry out spatial development at sea with international approval.
•	 Regulate network management at sea.
•	 Prepare for a large proportion of renewable electricity in the electricity grid by 

strengthening links within Europe and ensuring a good balance in energy generation 
using various technologies in Europe.

Insulation, heat pumps and solar panels in existing homes
•	 First install heat pumps and balanced ventilation systems in new buildings to give 

builders, installers, owners and letters experience with these systems. 
•	 Begin insulation programmes to make use of home renovation to achieve an average 

insulation rate of 150,000 homes a year.
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•	 Implement smart financing schemes for home improvements.
•	 Actively approach homeowners for knowledge transfer.
•	 Continue research into the seasonal storage of solar heat.

These are just a few examples that show that there are institutional, as well as 
technological, issues to be addressed. This list is in no way comprehensive, but the 
intention of this report is not to set out the roadmap in every detail. Development 
of the roadmap is ultimately the responsibility of all the parties involved, including 
businesses, the general public, research institutes and the government. The roadmap 
could also include an outline of the steps to be taken after 2020, but these will depend 
to some extent on the results of learning pathways. The roadmap therefore needs to be 
periodically reassessed. An evaluation of the progress made, policy developments in the 
Netherlands and abroad and the implications of new insights into the potential and costs 
of raw materials and technologies will then be translated into future steps.

6.2 	 Required transition time frames

How soon do the steps named need to be taken? Do we need to start straight away or 
can many of them wait until after 2020? After all, there are still 40 years to go before the 
required transition takes place. Objectives have been set for CO2 emissions and renewable 
energy in 2020. A few of the steps identified with relation to these objectives will enable 
them to be achieved cost effectively (wind on land, fermentation and biofuels from waste 
oil). Many more of the steps identified are not necessary to achieve these objectives. Does 
this not therefore mean that these steps only need to be taken after 2020?

The large-scale introduction of new technology takes time, although there also are ‘quick’ 
examples, such as mobile phones (20 years after they first served a niche market) or – 
longer ago but more relevant – the centralised Dutch gas distribution network, which was 
achieved within 10 years. Why is it that some innovations take place so quickly? If a new 
technology offers the consumer something extra, has new functions or is easier to use, 
then everybody will want it as soon as possible. Other favourable conditions for rapid 
change consist of there being no loss of capital, and when entrepreneurs are not 
dependent on other companies or the government for the success of a new product.

Conditions are less favourable for many of the system innovations considered here. Take 
for instance the electric car. We would seem not to be held to a depreciation period of 40 
years or more as is the case with large industrial plants or buildings which, with 2050 in 
mind, clearly forces us to make short-term decisions. Nevertheless, car sales need to 
reflect the desired car fleet of 2050 before 2040. Short-term explosive growth is 
undesirable, given the current high price of electric cars. A growth in new car sales of a 
maximum of a few percent is appropriate for the learning pathway for the first ten years. 
If that learning pathway were to start after 2020, then growth would need to increase 
from a few percent to a few tens of percent within ten years. For this to happen, an 
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explosive growth in the number of factories producing batteries will be required and 
combustion engine factories will need to be shut down. However, battery manufacturers 
will increase their capacity gradually as they depend on the market availability of lithium 
and will not want to push up the price. Meanwhile, car manufacturers will be assessing 
whether potential customers have charging facilities available. These charging points will 
not be available if there are no electric cars in the showroom. These interdependencies 
will result in a change process over many years, which will only be accelerated if everyone 
is determined to have an electric car. The car may be quieter, but its limited range, let 
alone the price, will hold many buyers back. Even a dynamic approach starting now gives 
no guarantee that 2050 is not too early to be making full use of the potential of electric 
transport.

Each component system is different, but the interdependencies can also be seen 
elsewhere. The replacement of existing installations and the associated infrastructure 
also plays a role as far as time is concerned; for example, in the case of power stations or 
the replacement of oil refineries with liquid biofuel production plants. In most cases, the 
consumer does not get a better, but the same or similar product, electricity, heat or fuel, 
and the technical system is not made any simpler. The market leaders are committed to 
change, but this alone is not enough to produce a high level of demand and therefore 
rapid implementation. All of this means there is no time to lose.
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Common barriers  
and a possible 
government role

As already discussed, a number of important steps required to achieve the desired 
transition are not needed to meet the 2020 objectives for CO2 emissions or renewable 
energy. Therefore, a cost-effective approach that focuses only on the objectives for 
2020 means that many new technologies, for now, can be left to one side. A general 
short-term objective provides too little impetus to the transition process. There are also 
other initiatives that are important to the energy transition, both in policy and among 
stakeholders. This report does not include policy analysis, one of the reasons being 
that the roadmap and, for example, the Green Deal will be used to shape such policy. To 
evaluate the progress made in climate policy it is desirable to assess other developments 
that are relevant in the long-term, in addition to the realisation of the 2020 objectives. 

There are various barriers that impede the required system innovation, some of which are 
common to the different component systems. These barriers are typical for transition 
processes. Here they are explained briefly, in addition to the possible role for policy.

The gaping hole between subsidies and general standardisation
Compared with technologies that form the basis of existing systems, alternative new 
technologies are more expensive in the early phase of their development. In terms of 
cost, a wind turbine at sea or a solar panel is as yet no match for a new coal-fired or gas 
power plant. The same applies to a heat pump versus a high-efficiency boiler, an electric 
car versus a petrol car, or green gas versus natural gas. There is still much progress to be 
made with these new technologies. Lessons learned from similar learning processes in 
the past show that price decreases with increasing implementation of the technology 
(unless circumstances become less favourable; for example, in the case of wind turbines 
in increasingly deep water). 
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Research programmes or demonstration projects for new technologies are often 
supported through subsidies. A technology is then in the early phase of its development, 
its quantitative contribution to the energy system is as yet negligible, and the learning 
costs limited. 

If a policy field provides generally-defined objectives and standards, it is up to the market 
to choose and develop the best technologies. The emissions trading system (ETS) with its 
emissions ceiling is an important example in this respect. Here, the market selects the 
most cost-effective solutions, and technologies in the final phase of their development 
are given a place in the system based on their price-performance ratio. 

In between, however, lies a difficult phase for new technologies. The scaling-up required 
as part of the learning process leads in this phase to such high costs that the technology 
becomes too expensive for government subsidy. At the same time, the price is also so 
high that the technology has no chance on the market. This intermediary phase is 
sometimes called the ‘valley of death’, as many technologies strand here. 

As to which policy is most suited to helping technologies through this phase, this is a 
difficult question to answer. Options are more clarity about increasingly stringent goals, 
technology-specific standards with limited application and the distribution of extra costs 
amongst end-users; for example, in the case of a feed-in system.  

Large amount of capital required, long recovery time 
Many energy-saving or renewable energy investments have a recovery time that is 
shorter than the lifetime of the industrial plant or building concerned. Generally-
speaking, therefore, this would seem to be an attractive option, at least on paper. From 
the point of view of the potential investor, however, the same recovery time could be 
considered too long. Home owners do not think in terms of the lifetime of their house 
and are mainly concerned by the nuisance caused by a building project. Companies weigh 
the investment against other investments that may have a higher return. Furthermore, 
current conditions mean that capital is scarce and investments in new technologies often 
relatively risky. As a result, stronger impulses or new financing schemes are required.

Chicken – egg situations and dependencies
The main difference between system innovation and process innovation is in the higher 
number of changes and the interdependencies. To give an example, there will be no 
biomass processor without the prospect of sufficient supply and no biomass provider 
without the prospect of sufficient processors. In addition, biomass and biofuel 
transporters also need to be factored into the equation, with all the facilities required for 
such a transport system. To give a second example, there will be no CO2 capture without 
companies able to transport and store the CO2, and no companies that will invest in 
storage without a guaranteed supply. 
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Such situations therefore require certainty about the future market. The government can 
create such certainty, and can sometimes help (possible on a temporary basis) carry the 
implementation over the initial hurdles through a public-private partnership. Partnerships 
with neighbouring countries can also be beneficial as they increase the joint learning 
capacity and make it easier to adapt the range of policy tools available, increasing clarity 
in the eyes of stakeholders. The government’s roadmap could be one of the instruments 
that increase the required clarity about the path to be followed on the road to a clean 
economy by 2050.
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implement a mix of energy savings, using biomass, 
carbon capture and storage and clean energy. This 
requires the development and practical application of 
crucial innovative technologies, in the short term. 
This report explores the pathways towards a new, cleaner 
energy system for 2050, and describes the involvement 
of specific techniques as well as the steps to be taken in 
the near future.
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