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Summary
Actions on climate change are becoming more urgent. Governments all over the world are being
pushed to act against CO2 emissions and to transit to low-carbon energy system. However, some
countries are facing major challenges in the energy transition towards carbon neutrality. This
happens to be the case in the Netherlands where the country is falling behind in achieving the
European targets for 2020. The reason was found on a national energy system based on a robust
natural gas infrastructure creating a carbon lock-in in gas technologies and infrastructures. The
carbon lock-in is preventing the energy transition towards clean energy to occur more rapidly
making it a complex challenge to overcome.
In 2016, 93% of the energy produced for space heating was obtained through natural gas
technologies such as natural gas boilers. This technology is, by far, the most used in Dutch
households. Therefore, space heating in the built environment is responsible for a major share of
CO2 emissions in the Netherlands. It is the aim of this thesis to present decarbonised alternatives
to the heating sector in the Netherlands.
Using a theoretical framework to identify and overcome carbon lock-in situations, three alternative
scenarios are presented following three different strategies: end-of-pipe, continuity and
discontinuity. The alternatives were designed using an energy system analysis software –
EnergyPLAN. Further, Smart Energy Systems concept was used to highlight possible synergies
between the sub-sectors of the Dutch energy system, specifically between the electricity sector
and the heating sector.
Power-to-gas and power-to-heat approaches were considered to design the alternatives focusing
on integrating fluctuating energy from renewable energy sources in the most effective way. The
decarbonisation on power-to-gas strategy was found by substituting natural gas for green gas. The
production of green gas was simulated based on hydrogenation processes where the hydrogen
was obtained through electrolysers powered by intermittent renewable energies. On the other
hand, the decarbonisation following power-to-heat strategy was reached by expanding the district
heating network and incorporating large-scale heat pumps, geothermal heat pumps and excess
heat sources. The heat pumps are working as conversion units to integrate intermittent energy
from renewable energy sources such as wind, solar and excess heat, in the district heating grid.
The results show that it is possible to reduce the emissions on the Dutch heating sector up to 30%
of the 2015 levels. Besides CO2 emissions, the results were further analysed based on efficiency
and costs. Solutions based on thermal grids prove to be more efficient and cost effective in
reducing the CO2 emissions than gas grids solutions.
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1. Problem Analysis
Introduction
As the consequences of climate change are becoming more evident, finding ways for reducing
carbon emissions is becoming an urgent matter for governments and policy-makers all over the
world. In 2015, at the annual Conference of Parties (COP21) an unprecedented agreement was
signed - the Paris Agreement - where 196 countries pledge to make a joint effort to limit global
average temperature below 2°C above pre-industrial levels by 2100 with an ideal target of limit
global temperature to increase above 1.5°C of the pre-industrial levels. (United Nations, 2016;

(UNFCCC, 2015) A clear signal was given to all stakeholders, investors, companies, civil society,
and policy-makers that the global transition to clean energy is unavoidable and that it is necessary
to stop investing resources on fossil fuels. The agreement reinforces the importance of
collaboration and cooperation between nations stressing the need for quick actions, investments,
transparency, and education to achieve a sustainable low carbon future for the world.
(Ec.europa.eu, 2019; UNFCCC, 2015; UNFCCC.int, n.a.; European Commission, 2016)
In the aftermath of the Paris Agreement, the European Commission (2016) (European
Commission, 2016) stressed that “The transition to a low carbon, resource-efficient economy
demands a fundamental shift in technology, energy, economics, finance and ultimately society as
a whole” (European Commission, 2016) and this can be seen as an opportunity for economic
transformation, creation of jobs and economic growth. The Paris Agreement came as a
confirmation of the path already taken by the European Union (EU) towards decarbonising its
economy, a path that started long before the Paris Agreement. By 2016 greenhouse gas (GHG)
emissions in the European Union were already down by 22.4% compared with 1990 levels, which
is already above the 20% reduction target for 2020 for the union (ibid).
By taking a closer look at the carbon emissions in the European Union in 2016, the energy sector
together with the transport sector generates almost 80% of all the EU emissions. The energy sector
alone is responsible for more than 55% of the total emissions making it the main responsible for
GHG in the EU (see figure 1). This led to an increase in renewable energy-related research
policies. Besides the positive impacts on the global climate, renewable energy technologies can
also reduce the dependence of national (and regionals) energy systems on foreign energy sources
such as fossil fuels. (Negro, Alkemade and Hekkert, 2012) It is, therefore, crucial to radically
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change the current energy system by increasing the share of renewable energies and low-carbon
technologies, and reducing the use of fossil fuel technologies.

Figure 1 - Greenhouse gas emissions per sector in the European Union (EU-28) in 2016 (Data Source: Eurostat)

Inspired by the success of the implemented policies in the time-frame 2005-2016, the European
Commission agreed on a new regulatory framework including more ambitious bindings for
increasing the share of energy from renewables, improvements in energy efficiency, and a greater
cut in GHG for the EU for 2030 and 2050 (European Commission, n.d.; (European Commission,
2018b)
The EU set targets for its final energy consumption for 2020, 2030 and 2050 can be seen in the
following table:

2020

2030

2050

Cut in greenhouse gas emissions
(from 1990 levels)

20%

45%

80% - 100%

EU energy from renewables

20%

at least 32%

> 80%

Improvement in energy efficiency

20%

32.5%

-

Table 1 - Main energy-related targets for the European Union in the short and long-term.

Even though the overall results are optimistic, this, however, is not the reality for all Member States
in the EU. Some countries are struggling to achieve the targets they ratified. One reason can be
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found in the way the energy systems are designed. Some countries have their entire infrastructure
‘locked-in’ on fossil fuels and a radical change is not an easy task to implement.
This is the case of the Netherlands, where its energy system is based on a robust natural gas
infrastructure with an equally strong economy and business involved in the production,
commercialisation and consumption. In 2015 the country’s emissions were 8% lower than the
levels of 1990 (European Commission, 2017) and reached 13% lower in 2017, still far from the
country’s goal needed for 2020 (Schoots, Hekkenberg and Hammingh, 2017; Vuuren et al., 2017),
placing the Netherlands among the most polluting countries in the EU. (Berg and Meijer, 2018) In
fact, according to Hölsgens (2016), the Netherlands is ranked 20th in terms of the world countries
with the biggest contribution to climate change in absolute terms and, considering the amount per
capita, it even ranks 6th. These numbers show that even though the Dutch economy is a mediumsized one, it holds a considerable share of the responsibility for global climate change. (Hölsgens,
2016)
When it comes to the share of energy from renewable energy sources, the Netherlands is also
expected to fail the target of share energy from renewable energy sources. (Schoots, Hekkenberg
and Hammingh, 2017; Fleming, 2019; Vuuren et al., 2017; European Environment Agency, 2018)
Despite the share of energy from renewable energy sources have been added to the Dutch energy
mix since the ’70s, their uptake has been fairly slow. (Hölsgens, 2016)

Figure 2 - Share of energy from renewable sources in final energy consumption by the EU Member States in 2017.
(Data Source: Eurostat)
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As presented in figure 2, in 2017 the Netherlands ranked 27th out of 28 EU member countries for
energy consumption from renewable energy sources. In the same year, the country was the
Member State furthest away from its 2020 target of 14% share (7.4% behind its 2020 goal).
(Fleming, 2019)
Nonetheless, the Netherlands is on track to meet the 2020 energy efficiency savings target by
reducing final energy consumption by an average of 1.5% on an annual basis. (European
Commission, 2017; Government of the Netherlands, 2018)
Additional effort for achieving the country’s agreed goals are urgently needed. Acknowledging this,
the debate around the energy transition has increased and policies for the reduction of emissions
are being discussed. (Vuuren et al., 2017) As an attempt to prevent the failure in achieving the
Paris Agreement and the EU targets with the current policy, last year, the Second Chamber of the
Dutch Parliament passed a bill defining more ambitious targets for reducing emissions on 49%
reduction by 2030 and 95% by 2050 compared to the 1990 levels. (Government.nl, 2018; (Roberts,
2018; Hofhuis and Schaik, 2019) The law also includes that the electricity supply has to become
100% carbon neutral by 2050. In addition, the current government is committed to completely
phase out coal by 2030. (Roberts, 2018; Berg and Meijer, 2018) Therefore, it is expected that
actual and relevant reductions enforced by these public policies will happen in the (near) future.
This reveals that there is a strong political will in reducing emissions, yet, these are not easy goals
to attain. The Netherlands is a heavily industrialized country and companies fear to be less
competitive if changes are implemented faster than other European countries. (Berg and Meijer,
2018) Nevertheless, the Dutch Government sees the energy transition as an economic opportunity
for the country. (Ministry of Economic Affairs, 2017)
Due to the Dutch tradition of using natural gas as its main energy source for the heating sector,
several studies have been conducted in the direction of ‘power-to-gas’ approach keeping the gas
infrastructure and changing the nature of the distributed fuel into a ‘greener’ gas. (Vlap, H. et al.,
2015; Leeuwen, C. and Mulder, M. 2018; Winkler-Goldstein, R. and Rastetter, A., 2013) The results
show, however, that these technical solutions are still far from being realistic in terms of technology,
efficiency, production, and the economy needed. Recently, the Dutch government expressed its
openness to explore other solutions through its Energy Agenda (Ministry of Economic Affairs,
2017) and Energy Report (Ministry of Economic Affairs, 2016). At the same, considering a ‘powerto-heat’ approach, alternatives to gas infrastructure have been presented for the Netherlands by
the project Heat Roadmap Europe. (Paardekooper et al., 2018) The aim of the project is to present
low-carbon strategies for the energy sector, specifically for the heating and cooling sector, in 14
European countries, including the Netherlands. The methods used in all the 14 Heat Roadmap
projects were aligned within the Smart Energy Systems concept covering aspects as excess heat
sources, decentralized energy production, and energy efficiency measures both on the demand
and the supply.
4

This thesis explores both approaches - power-to-gas and power-to-heat - for the Dutch heating
sector and the implications of these two strategies will be further explained in Chapter 5 (Designing
the Scenarios).
First, it is relevant to understand the Dutch energy system and the importance of natural gas in the
heating sector. This will be addressed in the following chapter.

The Dutch energy system
The energy sector has a significant role in the overall functioning of the Dutch economy. Data from
Energy Union Factsheet report from 2015 shows that it represented more than 6% of the total
added value for the country and 0.35% of the total employment could be found in the energy sector
alone. (European Commission, 2017)
In the same year, the energy mix in the Netherlands had a higher share of natural gas usage
compared to the average energy mix of the
EU - 38% and 22% respectively. The Dutch
share of oil is higher than the EU average
as well and it represents 40.6% and 34.4%
respectively. The remaining of the energy
mix includes 14.2% of solid fuels, 4.7% of
renewables, 1% of waste, and 1.4% of
nuclear provided by a single nuclear power
plant which is planned to close in 2033.
(European Commission, 2017) These are
numbers considering the Dutch in gross
inland consumption of primary products.
Considering

in

gross

final

energy

Figure 3 – Dutch energy mix, 2015 data. (Data source:
[15](European Commission, 2017)

consumption, the share of renewables was
5.84% in 2015 (European Commission, 2017) and 7.4% in 2017 as previously stated in Chapter 1
(Problem Analysis).
As mentioned before, the share of energy from renewable energy sources have been added to the
Dutch energy mix at a rather slow pace. According to Hölsgens (2016), from an economic point of
view renewables can only deliver electricity which can still be acquired through cheap sources like
coal and natural gas (Hölsgens, 2016) and, institutionally, the existing energy system has
developed in a way to support a stable flow of energy with a high degree of certainty. (Boer et al.,
2018) These two arguments added to the overall challenge of renewable energy intermittency can
explain much of the inertia seen in the Dutch energy system. Significant investments are required
5

and imply a structural shift in economic activities. Energy-related investments and jobs need to
transfer from traditional fossil fuels activities towards low-carbon and clean energies technologies.
(European Commission, 2017; Ministry of Economic Affairs, 2017) Different policies favouring
renewable energies and low-carbon technologies over fossil fuels together with a better integration
of those renewable energies and efficient energy storage technologies (e.g. power-to-gas and/or
power-to-heat technologies) are a possible path to haste the energy transition.
One other challenge has to do with the large energy-intensive industrial sector in the Netherlands.
The industrial sector faces a tough transition as it requires to change past practices. It is expected
that the sector will rise its CO2 emissions rather than reducing in the coming years. (Ministry of
Economic Affairs, 2017)

The low temperature heating sector
The heating (and cooling) demand represent 50% of all final energy demand in the Netherlands
from which, almost half is needed for the built environment. (Paardekooper et al., 2018) In 2016,
the contribution from renewable energy sources was only 5.5% ( European Commission, 2018a)
meaning that the built environment presents major challenges for reducing emissions, especially
in space heating. The cooling sector has a total weight of less than 5% of the heating and cooling
demand which is why the focus of thesis is the heating sector.
Low temperature heat, as opposed to industrial heat, is mainly used for heating homes, offices and
buildings. In 2016, the Netherlands used 219 TWh of primary energy to produce low-temperature
heat, where natural gas portrays 93%. (Ministry of Economic Affairs, 2016) The final energy
demand for space heating in the Netherlands is 139 TWh (Paardekooper et al., 2018) and looking
to the Dutch households, around 97-98% are heated with natural gas. (Hölsgens, 2016; Green
Gas Grids, 2014)
Data from Heat Road Map Europe shows that in 2015 the share of district heating in the country
was 13% and individual heating technologies accounted for 87% of the heating demand (see figure
4), being the last one mainly supplied through individual natural gas boilers. (Heat Road Map
Europe, 2017)
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Figure 4 – Heat demand in the Netherlands in 2015. (Data available at www.heatroadmap.eu)

According to the Energy Report “Transition to sustainable energy” (2017), in 2012 space heating
represented 45 million of tonnes of CO2 emissions. It is obvious that the sector is highly dependent
on natural gas which developed into locking-in the infrastructures and technologies that go with it.
Ambitious energy savings measures and reducing the use of natural gas as much as possible by
incorporating low-carbon technologies in the heating sector will be vital for fulfilling the targets.
(Ministry of Economic Affairs, 2017; Ministry of Economic Affairs, 2016).
It is the Dutch Government concern to reduce the use of natural gas as much as possible while
increasing heat savings, the use of excess heat sources, biofuels and heat and electricity from
renewable sources. This has direct implications at the local and regional level as effective heat
alternative sources need to be found, optimized and adjusted to the local context. A good
understanding about the costs for the consumers and the infrastructure is needed, as well as the
effects on the existing systems. Further, after evaluating the costs and benefits of the locally
available alternatives to natural gas, local and regional heat plans can be designed as part of the
energy transition providing local and regional government authorities with the important role of
deciding what is the best solution for their case. (Ministry of Economic Affairs, 2016)
In 2015, several stakeholders including provinces, municipalities, energy organisations and heat
producers presented a joint initiative focusing in the expansion of the district heating grid. The
initiative included delivering heat at a lower price than gas, thermal grid infrastructure investments
and local decision-making based on cost-benefit analysis for achieving the carbon-neutral goals.
(Ministry of Economic Affairs, 2016) This suggestion of increasing the district heating grid will be
addressed in the modelled scenarios. The transition from a heating sector based on a gas grid
towards alternatives with more relevant thermal grid will be explored. Following this, the aim of this
thesis is to combine ambitious goals for energy savings together with the incorporation of lowcarbon technologies in the low temperature heating sector in the most effective way. Further, it is
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relevant to understand how and why natural gas became the main energy source for space heating
in the Netherlands. This is explained in the following section.

Locking-in on natural gas - how did it happen?
Since the 1970s natural gas has accounted for roughly half of all the energy consumed in the
Netherlands. (Correljé, Van Der Linde and Westerwoudt, 2003; Hölsgens, 2016) It is important to
bear in mind that many decades of domestic natural gas exploitation guaranteed a substantial
amount of wealth for the Netherlands. (Hölsgens, 2016)
The history of natural gas use in the Netherlands goes back to the middle of the 20th century. Back
in 1948, the first source of natural gas was found in the Netherlands and in 1959 the biggest natural
gas field of the country, and one of the biggest in the world at the time, was discovered - the
Groningen field. Since then, this energy source gained momentum in the country and has been
used to power and heat Dutch industry, business and homes. For decades the country had access
to this reliable and ‘cleaner’ source of energy at a relatively low-cost allowing the Netherlands to
reduce its dependence on fuels like coal and oil earlier than other European countries. This caused
a change in the energy system regime in the Netherlands from an oil and coal system to a gasbased system. The reduction of fuel import and the increase in gas export (especially for other
European countries) contributed to a positive trade balance for the country and enabled the
expansion of the European gas market. (Correljé, Van Der Linde and Westerwoudt, 2003)
The natural gas was already used for process heat and power generation by the industrial sector,
but it was the decision to create a national distribution gas grid and to connect it to the already
existing local distribution city-gas grid that was the turning point in the Dutch energy supply. Citygas was already used by domestic users for cooking and hot water, but the connection to a national
distribution gas grid allowed the create a demand for space heating by households, smaller
business and the commercial and public sectors. (Hölsgens, 2016; Correljé, Van Der Linde and
Westerwoudt, 2003) Once these smaller users have converted all their appliances to natural gas
they would be locked-in into the gas market. This contributed to the expansion of the gas market
which facilitated and justified the necessary investments for construction and conversion of the
existing infrastructure.
During the oils crisis in the ‘70s, the lack of diversity in the energy supply showed the vulnerability
of the energy systems around Europe. (Hölsgens, 2016) Natural gas became even more relevant
as a domestic energy supply putting it in a prominent position in the Dutch political and economic
agendas. State and private income rapidly increase due to the exploitation of this resource and
several interests - economic, financial and political - were, and still are, involved in the production,
commercialisation and consumption of natural gas. One can conclude that the locking-in into
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natural gas is not just technological, it goes deep into the very fabric in which the Netherlands
developed as the country it is today.
One thing that is important to point out is the very nature of the gas produced in the Netherlands.
The Dutch natural gas is peculiar because of its low-calorific value. Its composition is 82% of
methane, 14% of nitrogen, 3% of heavier and wetter hydrocarbons, and 1% of carbon dioxide.
(Correljé, Van Der Linde and Westerwoudt, 2003) As a result, Dutch appliances, particularly in
households, had to be adjusted for low-calorific gas and will not function properly with high-calorific
natural gas. This means that changing to another type of gas is rather complicated. The solution
to deal with imported gas has been to add nitrogen to lower its calorific value. The need for
adjusting or substituting appliances is a challenge that should not be overlooked as it will probably
have high costs. (Hölsgens, 2016)
Regardless of its success, the production of natural gas is set to decline in the coming years.
(Hafner and Tagliapietra, 2017) Rising concerns due to recurrent earthquakes connected to natural
gas extraction have increased protests in the province of Groningen. The public pressure forced
the Dutch government to take action and in 2015 the government decided to limit the production
of natural gas to the minimum required in cold winters (Hölsgens, 2016; European Commission,
2017) and to phase out Groningen gas field by 2030. It is expected that the country will become a
net importer of natural gas by 2025. (European Commission, 2017) Other sources are more
optimistic about this date and go as further to 2030 - 2040. (Hölsgens, 2016)
In the meantime, investments are still needed to keep the current gas production. The Dutch
economy and consumers are largely locked-in natural gas and a full-scale change in consumption
patterns in the Netherlands is needed if the country does not want to become dependent on gas
imports. Several stakeholders agree that the diversification of gas supply and substituting it with
biogas and green gas is needed. The Netherlands has already knowledge in upgrading biogas to
natural gas quality and has been injecting it into the gas grid as earlier as 1987, and the approach
to produce green gas started in 2006. (Green Gas Grids, 2014) According to Hafner and
Tagliapietra (2017) “Energy experts agree almost unanimously that to fully remove natural gas
from the energy equation in the Netherlands in the next 10 years is almost impossible.” (Hafner
and Tagliapietra, 2017) The same source also mentions that proper actions are needed for the
industrial sector as well to convert gas systems.
Nevertheless, an energy transition is unavoidable (Hölsgens, 2016) and the consumption of natural
gas must decline.
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2. Problem Formulation
Up until now, the domestic reserves of natural gas have slowed down the energy transition in the
Netherlands, but domestic alternatives energy sources need to be found. The heating sector is a
major contributor for the CO2 emissions and low-carbon solutions need to be implemented to
achieve European (and national) targets. The country can follow one of three paths: 1) keep with
end-of-pipe solutions with minor changes to the overall system by keeping the existing
infrastructure with add-on technologies; 2) alternative solutions which embrace infrastructure
change to some extend allowing more technologies into the system 3) radical change the energy
system through the replacement of the current system.
This leads to the Problem Formulation and the research questions of this thesis:
How can the Netherlands achieve the decarbonisation of the heating sector by 2050?
1. Which approaches can be taken to decarbonise the Dutch heating sector?
2. How does a decarbonised heating sector look like?
To answer to these questions, firstly, a deeper understanding of the Dutch current energy system
needs to be analysed. In order to model alternatives that fit the Dutch context, the current
conditions, barriers and opportunities need to be understood in order to adjust the solutions to what
‘makes sense’ for the Netherlands. Secondly, following the previous analysis, different scenarios
will be designed using an energy system analysis tool – EnergyPLAN – to simulate the
decarbonisation of the energy heating sector for 2050. Several alternatives are presented allowing
to compare different solutions for the same (decarbonised) goal. Lastly, the alternatives will be
analysed from a socio-technical and institutional point of view to answer the problem formulation.
To do this, a deeper understanding of which barriers and opportunities need to take place. In
Chapter 1 (Problem Analysis), the Dutch energy system is analysed as a whole and not individually
in order to embrace the possible synergies inside the system. Identifying the major barriers for
decarbonisation and possible ways to overcome them will be further explained in Chapter 3
(Theoretical Approach). The aim of this thesis is to reach carbon neutrality for the heating sector
of the Netherlands by 2050. Going deep into understanding what is preventing this goal to be
achieved by identifying ‘lock-ins’ in the energy system and possible ways to ‘unlock-it’ is taking into
account. Afterwards, the Smart Energy System concept is used to get a deeper insight into the
design of alternatives using a system’s perspective. Having the perspective of the whole energy
system allows for identify the synergies within the system making it easier to integrate them. The
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technological solutions are analysed as part of an energy system and the socio-technical aspects
of radical change are unveiled.
At this point, the design of decarbonised alternatives for the Netherlands can be modelled and the
assumptions settled considering the Dutch context. For this, the data from Heat Roadmap
Netherlands is crucial. The ‘business as usual’ 2050 scenario (BAU 2050) developed in the project
will be the starting point for designing the alternatives. The alternatives include 1) moderate
change, 2) relevant change and, 3) radical change to the Dutch infrastructure considering both gas
grids (power-to-gas) and thermal grids (power-to-heat). This allows for a deeper comparison of the
alternatives considering the degree of ambition towards change. In Chapter 5 (Designing the
Scenarios) can be found a thorough description of how the scenarios are modelled. The following
step is to analyse the results using the theoretical framework of ‘lock-in’ concepts. This is made in
Chapter 6 (Results Analysis). Lastly, a critical discussion about the results together with the
methods and theoretical approach takes place in Chapters 7 (Discussion). Finally, the answer to
the Problem formulation is presented in Chapter 8 (Conclusion).
Some delimitations were made for scoping this thesis. One reason lies in the very topic of this
thesis being limited to the Dutch heating sector. Industry, transport and cooling sectors are not part
of the analysis. Those sectors are still part of the energy system but the possible synergies
between them are not explored. This means that, from a Smart Energy System concept, the
synergies found are limited to the electricity and heating sectors. Secondly, the Dutch energy
system was analysed as an independent and isolated system. In other words, the system was not
considered as being part of the European energy system meaning the impacts of imports and
exports of energy such as electricity were disregarded.
Secondly, the analysis is based on the specific time-frame of 2050 not addressing the path towards
that year. In other words, it shows how the system may look in 2050 but not the (political) planning
strategies to reach that energy system. Acknowledgements of future policies and strategic planning
touch upon but only scratching the surface of the topic. Additionally, an analysis on the costs and
investments was made to understand the impact of the choices. A thorough socio-economic
analysis including cost-benefits analysis and strategic planning is lacking and this is where further
research can focus.
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3. Theoretical Approach
As presented above, the energy transition towards a decarbonised one needs shifting at many
levels. Social-technical and institutional changes are crucial for this transition to happen. At this
point, it becomes clear that the relationship between economic, political, social, and technical
aspects made the Dutch energy system an extremely complex issue.
Notwithstanding, it is known that an energy transition towards carbon neutrality is necessary and
inevitable. Several low-carbon technologies and practices already exist, have been tested and are
mature. If this is the case, then why are not these technologies and practices being introduced
faster in the Dutch energy system?
The answer to this question is manifold. As presented in the previous chapter timing, political
strategies, historic reasons and economic circumstances created barriers to change. Several
scholars suggest that this inertia is due to technological path dependence which leads to a
possibility of carbon lock-in situation (Schmidt and Marschinski, 2009; Unruh, 2000; Unruh, 2002;
Arthur, 1989; Lehmann et al., 2012) favouring the continuity of dominating ‘dirty’ technologies even
though cleaner and low carbon alternatives are available. In other words, when a particular
technology becomes dominant it becomes harder for alternatives to gain momentum and find their
place in the regime even though they are considered better solutions. The extent of this market
failure is closely influenced by policies and institutions, which, in their turn, can be influenced by
infrastructures and user’s practices. (Mattauch, Creutzig and Edenhofer, 2015)
In this chapter, theories of ‘carbon lock-in’ are used to highlight barriers preventing energy
transitions and perpetuate fossil fuel-based systems. Once the barriers are identified then possible
solutions about how to overcome them are brought to light. Further, the implications for socialtechnical and institutional aspects are unveiled when different levels of change are taken into
consideration.

Carbon lock-in theory
Carbon lock-in can be defined as “(...) the result of a specific path dependence favouring fossilfuel technologies over low-carbon alternatives. (Lehmann et al., 2012, p325) The authors argue
that these path dependencies are fostered by infrastructure provision (e.g. gas grid, gas pipelines)
and economic return (e.g. a cheaper source of fuel) (Lehmann et al., 2012) The technological lockin is subjected by institutional, policy and market failures (Mattauch, Creutzig and Edenhofer, 2015;
12

Unruh, 2000) meaning that regulations and institutions play a key role in defining these path
dependencies.
According to Unruh (2000), “carbon lock-in arises from systemic interactions among technologies
and institutions.” (Unruh, 2000, p818) He bases his statement in the notion of a Techno-Institutional
Complex (TIC). The TIC concept implies that large technological systems, e.g. a national energy
system, must be seen as complex systems of technologies together with public and private
institutions surround the dominating technology, this is known as a techno-institutional regime.
Once a TIC is established it tends to perpetuate itself through the creation of knowledge and capital
mechanisms securing its path-dependent techno-institutional evolution. This way it prevents
technological change that threatens the existing regime and alternatives are kept lock-out.
(Schmidt and Marschinski, 2009) The Multi-Level Perspective (MLP) theory also describes the
dynamics between social-technical aspects, institutions and technology’s path dependence into
the existing regime. The theory argues that technological transition is not a mere change in
technology but a change in a heterogeneous network of elements such as user practices, industry
structure, infrastructure, market and regulation. The overall coordination and orientation between
these elements allow for small incremental innovations preventing radical changes to occur as they
try to secure the stability of the regime configuration, their power and dominant position. (Geels,
2002)
The concepts of regimes and path dependency are used throughout this chapter to explain the
relationships, interconnections and power structures between institutions and organisations inside
energy regimes although these theories (MLP and TIC) will not be further developed in this thesis.
In his theory ‘Escaping carbon lock-in’, Unruh (2002) identifies five sources of lock-in in carbonbased solutions:
4. Technological, which is directly related to the technologies, the dominance of some
designs and architecture of systems, its standards and compatibilities;
5. Organisational, where routines and compartmentalization lead to silo thinking and
influence customer-supplier relations;
6. Industrial, where industry standards and interdependency of technologies play a role
in locking-in processes and systems;
7. Societal, which are related to users’ preferences, behaviours and expectations towards
how a system should fulfil the users' needs;
8. Institutional, through policies, laws and rules which have a direct influence in technoinstitutional regimes.
(Unruh, 2002)
Usually, when there is a system’s lock-in several (if not all) sources are present through a tight
relationship between the actors involved. Technologies and technological infrastructures are
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closely connected to the organisations and (public and private) institutions who create, run and
employ them. (Unruh, 2000; Unruh, 2002; Arthur, 1989). According to Lund (2014) “(...) these
organizations will not by themselves create and promote alternatives required to implement
change.” (Lund 2014, p22) Other solutions are perceived as a threat and are kept out of the existing
framework who lock-out alternatives even when these alternatives present improvements to the
overall system.
As mentioned by Hölsgens (2016) the “Reduction of emissions is not only a purely technological
effort. (...) social drivers play an important role.” (Hölsgens, 2016, p127) Over time these systems
evolve to standardization through routines and interdependency and become fully embedded in
society preferences, behaviours and expectations contributing to the continuity of the system
dominance (Unruh, 2000; Unruh, 2002). Once the system reaches stability, there is no apparent
reason for it to spontaneously change. In other words, without an external ‘push’, the current
regime will not change by itself and the energy transition can be postponed. A market failure related
to path-dependence and technological lock-in happens, which leads to societal loss. (Schmidt and
Marschinski, 2009) Another aspect that should not be underestimated for low-carbon alternatives
to arise is the societal aspect. It is expected that users change their behaviour and expectations
towards the regime and this can be a rather hard thing to achieve due to inertia and lack of
information.
Analysing these concepts together with the Dutch energy system it becomes easier to understand
the slow penetration of renewable energy in a system which was designed to work based on natural
gas technologies. Decades ago, the political decision to create a national distribution gas grid
nurtured the infrastructure, industry, technologies, and appliances related to natural gas. The
availability of cheap, secure and reliable heat encouraged more customers to connect to the
natural gas grid increasing the demand. On the other hand, as more capacity was needed to supply
the demand the government decided to expand the gas grid solidifying the technological and
institutional lock-in. The government intervention and the regulatory institutions played a
fundamental role in creating the path dependency towards the carbon lock-in we witness today.
The gas-related technologies have been dominant in the Dutch energy regime due to (small)
incremental innovation to the existing infrastructure through the years. Institutional and
organisational decisions allowed for this dominance protecting the market and favouring natural
gas technologies. As pointed out in Chapter 1 (Problem Analysis), the choice of expanding the
natural gas market to include smaller users and households having them converting all their
appliances to natural gas they would be locked into the gas market. This choice was a major
contributor to the overall lock-in of the energy system in the Netherlands.
It is, therefore, necessary to address these forces if changes are to be implemented. Socialtechnical and institutional aspects are crucial for moving the development of energy use and
production in the right direction. Without relevant institutional change, development and innovation
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of technologies and, economic changes the so needed energy transition will probably not going to
happen. (Correljé, Van Der Linde and Westerwoudt, 2003; (Mattauch, Creutzig and Edenhofer,
2015)

Unlocking the carbon lock-in
Nevertheless, is important to bear in mind that carbon lock-in is not a permanent condition.
Changes in the landscape force systems’ regimes to change as, for example, the current pressures
for decarbonising the energy systems set by the European Union and the Paris Agreement. These
pressures are pushing the (energy) regimes to change towards carbon neutrality path dependency
and this has implications in many levels. The same way new technologies need new inputs, new
customers for its outputs, and new institutions to exploit them, institutional changes are also
needed in the forms of new policies, new organisational forms, and new rules. (Correljé, Van Der
Linde and Westerwoudt, 2003)
Usually, the first approach to deal with the pressures on techno-institutional regimes is to make
add-ons to the existing infrastructure and minimizing changes in the system. These are called endof-pipe approaches which have the least impact in the existing infrastructure. These approaches
usually deal with the issue downstream on the output side of the system. (Unruh, 2002) maintaining
a similar (if not the same) path dependency. One example could be changing the fuel burned on
CHP’s changing from fossil fuel to biomass by making small adjustments to the plant but not
changing the surrounding infrastructure like the electrical grid. Considering the Dutch heating
sector, keeping the gas infrastructure and the gas-related appliances in place but changing the
nature of the gas from natural gas to ‘green gas’ can be seen as an end-of-pipe solution. Of course,
this alternative may create several other issues that can compromise its implementation such as
technological and economic feasibility and resource availability for the production of ‘green gas’
which may result in another lock-in.
If end-of-pipe solutions are not enough to solve the issue, the next step is to find alternatives that
can overcome the challenges through incremental innovation on the system. These are what
Unruh (2002) calls continuity approaches due to the fact that the new system design will be as
similar as possible to the previous one. Technologies with less representativeness in the existing
regime can gain a bigger share but the architecture of the regime itself and the stakeholders will
stay similar. For the Dutch heating sector, this could mean that other heating technologies (e.g.
district heating technologies and/or heat pumps), which have a small share of the heating sector,
can rise and compete with natural gas technologies. Besides representing greater changes than
end-of-pipe alternatives it also faces different challenges as new appliances and infrastructure are
needed.
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Lastly, approaches that completely replace the existing system are called discontinuity
approaches. According to Unruh (2002), these are considered the most radical changes as “(...)
they seek a discontinuous transition to a different, hopefully superior, system.“ (Unruh, 2002, p319)
This will break with the existing path dependency completely reshaping the techno-institutional
regime. Changing from gas-based technologies to district heating technologies would represent a
radical change for the Dutch heating sector as it will change the entire regime. The implications
will occur on all levels of the regime with the implementation of new technologies, institutions,
infrastructure, market, regulation and end-users.
These three approaches - end-of-pipe, continuity and discontinuity - are modelled for this thesis
and their design is thoroughly explained in Chapter 5 (Designing the Scenarios). For now, it is
important to state that the aim of this thesis is not to decide which one is best, but to present
different alternatives considering the same final goal of reducing carbon emissions in the Dutch
heating sector. The importance of designing several (coherent) choices will be explored in the next
chapter.

The importance of alternatives
By now it has been shown that a techno-institutional lock-in settles due path dependence choices.
The technologies that best fit into the existing regime of the dominant stakeholders will be preferred
solidifying the lock-in and perpetuating the regime in the same path. So, how can change happen?
For (radical) change to happen more than one dimension in the energy system’s regime needs to
happen. Lund (2014) argues that for a radical change to happen more than one dimension are
changed. The more dimensions changed the more radical the change is. This is particularly
important in carbon lock-in situations due to the several elements part of the techno-institutional
regime (technological, organisational, industrial, societal and institutional). The availability of
several (realistic, coherent and transparent) alternatives break with the old path dependency and
choose one for the carbon neutrality goal.

The existing organisations around a particular

technology will have the best interest in keeping the regime as it is as they do not want to lose their
dominance. Lund states that “The organizations linked to the existing technologies are
consolidated from an economic as well as a political point of view.” (Lund, 2014, p21) The threat
of new technologies can lead them to use their power to influence and affect the decision-making
process by presenting alternatives that serve their interest and fit their framework, keeping other
alternatives out of the process. If this happens the lock-in situation will most likely continue, which
is why both institutional and technical changes should be part of the decision-making process.
(Lund, 2014)
As described in Chapter 1 (Problem Analysis), the previous Dutch energy transitions had a clear
benefit for producers, suppliers and consumers (e.g. lower cost). In a transition towards a lowcarbon economy, these benefits are less obvious. Investments in the energy sector are large and
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have a lifetime of 20-40 year (Lund, 2014). Timing is, therefore, a fundamental element of the
decision-making. In this sense, a decision made today will shape the future of the energy system
for many years. This thesis focus is on the heating sector for 2050 which means that the decision
on which path to follow needs to be made rather soon. That having been said, how should the
alternatives be designed?
In his book Renewable Energy Systems, Henrik Lund (2014) presents guidelines for designing
alternative scenarios for current energy systems. He identifies three conditions:
1.

alternatives should be designed with equally comparable parameters (e.g. energy
production and capacity);

2.

savings on the demand, efficiency improvements and renewable energy sources
should be involved in the design;

3.

the direct costs should correspond to the ones on the main proposal.
(Lund, 2014)

In this way, the alternatives are comparable in several aspects such as technological innovation,
environment and local jobs creation, just to mention a few. There is a vast consensus that a broad
diversification of energy sources means increasing security and liability of the supply and increases
the flexibility of the entire energy system. Synergies can be found inside the system to make it
more efficient, this is the Smart Energy Systems concept and it will be briefly described after.

The role of the government
The decision behind which alternative or approach to choose is a political one. It is up to
governments to create the political and institutional frameworks for alternatives to compete with
the old technologies and conquer their place in the (new) techno-institutional regime. The Dutch
government will have to decide which solution is more sustainable for heating the built
environment, when and how should the infrastructure be phased out considering the benefits for
society as a whole and for business and economic growth. It is a complex decision.
Unruh (2002) states that “(...) decisions are frequently made with limited foresight and discounting
of potential future risks or disutilities (...)” (Unruh, 2002, p318) When forecasting the future,
policymakers tend to prefer end-of-pipe and continuity approaches than discontinuity ones even
though some experts argue that in order to greatly reduce CO2 emissions and to pursue the
decarbonisation of an energy system requires more than end-of-pipe solutions. The reason lies in
the fact that the first two approaches can, most likely, reduce short-term costs and overcome the
inertia towards change. The downside is that short-term solutions may be lacking vision for the
long term. As claimed by Lund (2014) radical alternatives to the existing regime cannot be found
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in the organisations who are part of the techno-institutional regime. The alternatives should
incorporate technical alternatives, socioeconomic feasibility studies and identify institutional
barriers.
Notwithstanding, some solutions may not be possible to implement due to policy constraints which
secure the lock-in and are needed to be overcome first. As mentioned before, there is no apparent
reason for a stable system to spontaneously change. Techno-institutional regimes tend to create
and perpetuate their own stability and secure their dominance and this leaves small room for
alternatives. Without powerful external factors to the regime, radical change is most likely not to
occur. One of these factors has been mentioned before - the external pressures towards States
for decarbonising their economy. Another powerful change agent is the energy market itself where
increasing returns for suppliers and consumers can boost the transition towards new technologies
re-shaping the techno-institutional regime. Lastly, the governments have the authority to cause
change towards low-carbon technologies, but challenges related to short and weak mandates
represent a major barrier. Usually, social change sets the pressure for institutional priorities to
change in democratic societies. (Unruh, 2000; Unruh, 2002).
In the Netherlands, the government played a crucial role in the part with the exploitation of natural
gas and it still is involved in setting the extraction rate of this resource. On the other hand, the
Dutch State is also in charge of setting subsidies for renewable energies and providing license for
their implementations. (Hölsgens, 2016) It is reasonable to declare that for the transition towards
a carbon-neutral energy system the government will play a major role. Governments design rules,
laws, standards, subsidies and taxation which can influence the future path dependency of the
Dutch energy regime. The infrastructure is nor easy nor cheap to change and represents
substantial investments cost to change it on a national level. Providing stakeholders with the right
information so they can make well-grounded decisions. It is the government responsibility to
ensure the transition to a carbon-neutral built environment and the Dutch government has pledged
to support stakeholders and local decision-making by providing the necessary frameworks in terms
of policies and market regulations to facilitate the space heating energy transition. (Ministry of
Economic Affairs, 2016)
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4. Methodology
To help decisionmakers in formulating future strategies and policies for a carbon-neutral energy
system looking forward to 2050, alternatives must be modelled. In this chapter, first the structure
of the thesis is presented. Secondly, the methods used to answer the Problem Formulation are
unveiled.
Figure 5 illustrates the research design for this thesis. The boxes in the middle correspond to the
main chapters in this report and the boxes on the sides represent where specific knowledge is
used in the report.

Figure 5 – Thesis design.

The inputs from the Problem Analysis led to the Problem Formulation and to the Theoretical
Approach chosen which defined the strategy to answer the first research question by setting the
foundations for modelling the alternatives. The answer for the second research question is found
in Designing the Scenarios and Results Analysis. The findings are further discussed in relation to
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the assumptions, methods and strategies selected for this thesis. Lastly, a precise answer to the
Problem Formulation is presented in the Conclusion.
To handle the complexity of this thesis, a choice of multiple methods was key for a thorough
analysis. This thesis is based on a case study of the Dutch heating sector and quantitative methods
were used to handle the empirical data using an energy systems simulation software. Additionally,
two time-horizons were used: 1) longitudinal time horizon to understand how the Dutch heating
sector and the carbon lock-in came to be as it is today, and 2) cross-sectional time horizon by
comparing the alternatives in the year 2050.

Literature review
To better understand the problem area, an extensive review over the literature on the topic was
conducted with the focus on the scientific quality and credibility of the sources. The research was
focused in reports from the European Commission, scientific research papers and reports in the
field of energy transition to low carbon technologies with the focus on the heating sector. Relevant
data was examined to build a clear idea of the state-of-the-art followed by the development of the
theoretical approach and the empirical data for the analysis. Some sources were found following
the bibliography of the selected literature as a mean to get deeper knowledge about the subject.
Governmental energy reports and national plans were studied as well to understand the Dutch
case study context. Finding literature related to the legislation, policies and specific data related to
the Dutch heating sector turned out to be a major challenge, most likely due to language constrains.
This kind of information is usually available in the country’s mother tongue and only a few aspects
are translated to English.

Case Study
In this thesis, the selection of the case was not made randomly. While analysing the problem area
of transition towards low-carbon technologies for the energy systems, the Netherlands appear far
behind the targets set by the European Union being the second last in all 28 Member States in
share of energy supplied by renewables. (see figure 2). The reason why the choice fell in the
Netherlands and not in the last one (Luxembourg) was because the country has a high weight in
the European CO2 emissions, as explained in Chapter 1 (Problem Analysis).
The case study is influenced by the local context and its national energy system. In this sense, it
can be hard to generalise to other places. For instance, in the Netherlands, the regime for the
heating sector is based on gas but in other places, the regime is based in district heating (e.g. in
Denmark) or electric heating. Flyvbjerg (2006) argues that a case study produces knowledge
20

dependent on the context. The decarbonisation goal for the Dutch case, therefore, may not be
achieved the same way somewhere else. Despite this, it can at least serve as an example
(Flyvbjerg, B. 2006) and it is the goal of this thesis to present examples of alternative decarbonised
solutions for the Dutch heating sector.

Smart Energy Systems
The concept of Smart Energy Systems is used in this thesis for better integration of sub-sectors in
an energy system while modelling the different scenarios. But first, what is the Smart Energy
Systems concept about?
The definition of ‘system’ is connected to the interaction of elements which influence one another
directly or indirectly and where the whole is often greater than the sum of individual parts.
(BusinessDictionary.com, n.d.) When it comes to ‘energy systems’ the elements are connected to

an energy network or infrastructure including physical, technological, institutional and social
elements. A ‘smart energy system’ arose from a paradigm shift from single-sector thinking into
holistic thinking for designing future energy systems. (Lund et al., 2017) Although there are several
definitions according to which author is considered, the concept used in this thesis can be found
in Henrik Lund’s book Renewable Energy Systems which explores and describes the concept
extensively through several case studies examples, and is as follow:
“A Smart Energy System is defined as an approach in which smart electricity, thermal and gas
grids are combined with storage technologies and coordinated to identify synergies between them
in order to achieve an optimal solution for each individual sector as well as for the overall energy
system “ (Lund, 2014; Connolly et. al. 2013; Lund et al., 2017)
In other words, it uses a cross-sectoral approach to make the energy system more flexible, robust
and resilient using synergies between the various energy sub-sectors. As energy systems are
context specific and ‘one solution cannot serve them all’, several synergies can be found
depending on which energy system is being analysed. For instance, considering the conversion of
biomass into green gas there is the need for steam that can be supplied by CHP plants. The lowtemperature heat that is produced as a by-product of the conversion can be used in district heating
grids as a source of excess heat. This way both the by-product of CHP’s (steam) and conversion
technologies of biomass (low-temperature heat) can be used instead of being wasted. (Lund et al.,
2017) Due to the fluctuation nature of renewable energies, using excess electricity produced this
way can be stored in the form of gas (power-to-gas) or heat (power-to-heat) which is much cheaper
than electricity storage. These are just a few examples of the possibilities that Smart Energy
Systems can provide.
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The following figure illustrates the Smart Energy Systems concept focusing on renewable energies
sources.

Figure 6 - Illustration of a (100% renewable) Smart Energy System displaying renewable energies as resources,
points of conversion and conversion technologies, storage options and final demands. (Adapted from IDA’s Energy
Vision 2050, [42](Mathiesen, et al., 2015))

An important remark for Smart Energy Systems is that it acknowledges the essence of the different
elements of techno-institutional regimes: technological, organisational, industrial, societal and
institutional. Integrating renewable energies allows for local development (including jobs, business,
etc.) related to the construction, operation and maintenance of these and satellite technologies.
Renewables can play a greater role than just decarbonising the sector. (Mathiesen, et al., 2015)
Techno-institutional regimes are different considering which case is being analysed, consequently,
its elements are influenced by the local conditions. This is backed up by the case study method
used in this thesis.
Using the Smart Energy Systems concept, the main goal is to integrate renewable energies as
much as possible in the Dutch energy system together with energy storage making the whole
system more flexible and efficient. This way it is possible to find the best (and smartest) solution
for the entire system as well as for each individual element. (Lund et al., 2017; (Mathiesen, et al.,
2015)
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The Smart Energy System concept embraces three main grid infrastructures:
•

Smart Electricity Grids to connect fluctuating renewables (e.g. wind and solar PV) to the
flexible electricity demands (e.g heat pumps, electrolysers, and EVs)

•

Smart Thermal Grids (i.e. District Heating and Cooling) to integrate the electricity from
renewables into the heating sector through power-to-heat technologies (e.g heat pumps)
enabling thermal storage and the use of excess heat.

•

Smart Gas Grids to connect the electricity, heating, and transport sectors through powerto-gas technologies (e.g electrolysers) enabling gas storage.
(Lund et al., 2017; (Mathiesen, et al., 2015)

In this thesis, the three main infrastructures are used to increase flexibility and optimise the system.
The electricity grid is used to integrate renewable energies that can be utilised for the heating
sector and, as mentioned both power-to-gas and power-to-heat technologies were used for
designing the scenarios. The differences between the two approaches are explained in the next
section.

Power-to-gas and power-to-heat technologies
A rough definition for power-to-gas is that it uses electricity to produce green gas that can be stored
or injected in a gas grid. To develop the definition further using the Smart Energy Systems concept
is to maximize renewable energy to produce ‘green gas’, thus bypassing the fluctuation nature of
renewables by producing the gas when the electricity production is higher than the demand. (Lund
et al., 2017) For example, on a windy night when the demand is low, the electricity produced by
wind turbines can be ‘stored’ in the form of gas (hydrogen) by using power-to-gas technologies
such as electrolysers. This way the wind energy that would be wasted other way can be ‘stored’
and utilised later in several sectors. This technology is often considered as a solution for the
transport sector (Lund et al., 2017) while overlooking other sectors such as the heating sector. In
this thesis, this approach is used for the heating sector disregarding the transport and industry
sector.
In power-to-heat technologies, the same principle as power-to-gas is used. The difference is that
instead of storing the electricity in the form of gas, it does it in the form of hot water. Using the
previous example of a windy night, the electricity produced by wind turbines can be ‘stored’ in the
form of heat by using power-to-heat technologies such as heat pumps. In the morning this heat
can then be used when people wake up and start heating their homes or showering.
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EnergyPLAN
To analyse possible alternatives for decarbonising the heating sector for the Netherlands by 2050,
these alternatives need to be modelled. The tool used in this thesis for modelling was EnergyPLAN.
This tool was developed by the Sustainable Energy Planning Research Group at Aalborg
University and is available online for download as ‘freeware’. (EnergyPLAN, n.d.)
EnergyPLAN was designed to simulate energy systems using the Smart Energy Systems concept
through the integration of its sub-sectors (e.g. electricity, heating, cooling, transport and industry)
including technical aspects, costs and investments. This is a very important feature as it allows to
produce data for feasibility studies. (EnergyPLAN, n.d.) As a tool to simulate energy strategies, it
is possible to include different technologies and the (known or unknown future) availability of
resources such as biomass, electrofuels and biogas. EnergyPlan has been used in an extended
number of scientific research (Østergaard, 2015) and several projects such as Heat Road Map
Europe and IDA's Energy Vision 2050. It is, therefore, a well-proven tool for energy systems
simulation.
The software simulates the annual energy demand and production through an hourly based
calculation (ibid) making easier to understand the behaviour of (intermittent) renewable energy
sources, which is especially important considering the seasonal availability of resources for some
technologies. For example, considering solar energy, it can only be produced during the day when
the sun is shining and there are more hours of sun during the Summer than during the Winter
meaning that an hour-by-hour model will consider these aspects.
The very essence of EnergyPLAN is that it provides quantitative data that can be further analysed
based on the assumptions made for the inputs. The data used in the simulations was provided by
Heat Road Map Netherlands. The Baseline Scenario for 2015 (BL 2015), the Business-as-Usual
Scenario for 2050 (BAU 2050) and respective distribution files are all available at the project’s
website. These files proved to be crucial for designing the scenarios as they are representative for
today’s energy system (BL 2015) and future energy system (BAU 2050) following the same path
dependency. Additional data related to technologies, fuel and infrastructure costs were acquired
at Danish Energy Agency (DEA) all available at: www.ens.dk/en/our-services/projections-andmodels/technology-data (Danish Energy Agency, 2016; Danish Energy Agency, 2017; Danish
Energy Agency, 2019)
Initially, the data was handling using Microsoft Office Tool - Excel. Common specifications such as
percentage of heating savings, district heating and individual heating share, and green gas
production were prepared and calculated for each alternative. This data was then used as input
for the simulations. The remaining inputs (such as RES capacity, heat pump capacity, etc.) were
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found using an iterative approach. Rounds of analysis were repeated and evaluated using different
conditions until the most effective solution was found.
EnergyPLAN has many advantages for simulating present and future energy systems, but due to
its complexity it was challenging to work with. Much effort was spent in studying and understanding
how the software works and which data to use in EnergyPLAN. The major challenge was found
upstream on how data should be treated beforehand for input, what it represents, and how it affects
the output.
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5. Designing the scenarios
In this chapter, an explanation of how the alternative scenarios were designed and which
assumptions were considered is made. For modelling the scenarios, the approach followed is the
one described in Chapter 3 (Theoretical Approach) - end-of-pipe, continuity and discontinuity. The
‘business-as-usual” (BAU 2050) scenario for 2050 from the Heat Road Map Netherlands was the
foundation for modelling all scenarios. Besides this, the concept of Smart Energy Systems is used
for better integration of the different sectors in an energy system.
The Heat Roadmap Netherlands report, states that the heating and cooling count for 284 TWh/year
of the final energy demand in the Netherlands (2015 values) and 49% of this total is for space
heating alone. Even though the values are from 2015, there has not been many changes in the
Dutch heating sector since then meaning these numbers are up to date. The report presents a
radical change to the existing energy system for 2050 by considering technologies alternative to
gas - mainly district heating and large-scale heat pumps - and investments for new infrastructure
such as a thermal grid. The report finds that an additional 15% on heat savings and a share of
district heating between 47% and 76% are the optimal point for the investments to be economically
attractive. (Paardekooper et al., 2018) The report also reflects aspects as energy efficiency
measures, both on the demand and supply side, leading to energy savings and reducing the overall
cost of the energy system. The model displays deep decarbonisation considering technical
feasibility and economic viability. The BAU 2050 scenario was presented as a comparison point
and to put the results into perspective.
In the BAU 2050 scenario was assumed a 20% reduction in the space heat demand through heat
saving measures representing a total heat demand of 105 TWh/year. As figure 7 shows, the share
of district heating represents 22% of the heating demand and individual heating accounts for 78%
where 68% is for natural gas boilers alone. (Paardekooper et al., 2018)
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Figure 7 - Heat demand in 2050 for the Netherlands. (Adapted from Heat Road Map Netherlands available at
www.heatroadmap.eu)

The BAU 2050 scenario shows the evolution of the Dutch energy system if it stays in the same
path dependence. It is based on the techno-institutional regime of today with ‘frozen policies’
projections looking forward to 2050. This means that this scenario does not embrace the carbonneutral goals making it a great underlying base for comparison new path dependency alternatives
as to the ones presented in the decarbonised scenarios.
In this thesis, three alternative scenarios are presented for decarbonising the heating sector in the
Netherlands by 2050. The approach for designing these three scenarios was based on the theory
for unlocking carbon lock-in infrastructures, as described in Chapter 3 (Theoretical Approach), and
using the Smart Energy Systems concept for integrating renewable energy sources as much as
possible. The first scenario has a starting point of 22% share of district heating which is the same
for BAU 2050. In alternative scenarios 2 and 3, the share of district heating used is 50% and 75%
respectively, staying in the frame for district heating feasibility recommended by Heat Road Map
Netherlands. In this way, the modelling starts with an end-of-pipe solution based on green gas,
and gradually it changes in Scenario 2 by balancing the gas infrastructure with the district heating
infrastructure, ending in a radical change in Scenario 3 by phasing out the gas infrastructure
completely from the heating sector.
The Dutch Government expressed the will for investing in space heating saving measures and the
EU set the target 32.5% for improvements in energy efficiency by 2030. Ministry of Economic
Affairs, 2017) In this thesis, an additional 15% reduction was considered due to heat saving
measures in all alternatives. Considering the 20% already accounted in BAU 2050, this portrays a
very ambitious goal for energy savings. As mentioned in Heat Road Map Netherlands (2018), “To
achieve over 30% of reduction, both renovation rates and renovation depths have to be increased
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and the efficacy of the existing policies constantly monitored and reviewed.” (Paardekooper et al.,
2018, p16) In the end, an additional 15% reduction means almost 16 TWh/year savings compared
to BAU 2050 totalizing 90 TWh/year in the heat demand.
Decarbonising the heating sector was the target in all scenarios even though the strategies
followed are different as it is presented further in this chapter. To restrain the CO2 emissions to
migrate from the heating sector into the electricity sector, one-third of the coal-fired CHPs were
converted into biomass preventing the rise of carbon emissions in the electricity sector. The
integration of renewable energy sources was optimised prioritising offshore wind and solar PV
keeping the critical excess electricity production (CEEP) under 10%.
The reasons behind favouring solar PV over onshore wind were mainly because of spatial issues
and land management challenges. Onshore wind installations will use land that can be used for
something else, (e.g. crops) and the feeling of “not in my backyard” towards wind turbines has
grown in the past years. Solar PV can use the space available in the rooftops of existing buildings
overcoming these challenges.
The reason to favour offshore wind over onshore has to do with the wind potential showed in figure
8. It is obvious that the potential is much higher in offshore installations. Considering the “not in my
backyard” challenge, it is expected that offshore wind will face less resistance than onshore
installations as well. In all scenarios, the onshore wind capacity was kept constant at 3400 MW

which was the capacity of onshore wind installed in the Netherlands by 2018. (Komusanac,
Fraile and Brindley, 2018)

Figure 8 - Wind power potential in the Netherlands considering different heights - 50m high on the left and 100m
high on the right. (Maps obtained from Global Wind Atlas 2.0, a free, web-based application developed, owned and
operated by the Technical University of Denmark (DTU) in partnership with the World Bank Group, utilizing data
provided by Vortex, with funding provided by the Energy Sector Management Assistance Program (ESMAP). For
additional information: HTTPS://GLOBALWINDATLAS.INFO. Accessed May 2019.)
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All three alternative scenarios plus the BAU 2050 are explained further in the following sections.
For an easy guidance, the main assumptions and inputs made for designing the alternative
scenarios were gathered and are presented in Table 2.
Scenario 1

Scenario 2

Scenario 3

Heat demand (TWh/year)
District Heating

20.04

44.77

67.16

Individual Heating

69.51

44.77

22.39

Ind. Ngas boiler

43.29

18.56

0

Ind. Biomass boiler

15.47

15.47

0

Ind. Heat pumps

4.08

4.08

15.72

Ind. Electric heating

6.67

6.67

6.67

89.55

89.55

89.55

Total heat demand

Scenario 1

Scenario 2

Scenario 3

Heat-only production inputs
Heat pumps (MWe)

0

800

2000

Geothermal (TWh/year)

0

0

4

Excess heat sources (TWh/year)

0

5.6

11.3

Scenario 1

Scenario 2

Scenario 3

Other assumptions
CEEP

10%

10%

10%

Additional savings on the heat demand

15%

15%

15%

District heating grid losses

12%

13%

14%

3%

3%

3%

Interest rate

Table 2 – Data overview of the main inputs for three alternative scenarios.

Scenario 1: end-of-pipe solution
As explained in Chapter 3 (Theoretical Approach), end-of-pipe solutions have the least impact in
the existing infrastructure keeping a similar path dependency. In this sense, all the existing
infrastructure is maintained, and it is the nature of the fuel that switches from natural gas to green
gas. There are no changes in the techno-institutional regime. For instance, the end-users do not
need to change their appliances or behaviour as the end product will still be gas. The utility
companies and the gas grid operators are the same as the green gas will represent the same
share in the heating sector as previously the natural gas did.
In this scenario, the individual heating demand and district heating demand are the same as in
BAU 2050 comprising 22% of district heating and 78% of individual heating, and the share of
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technologies in the heating demand is also the same (see figure 7). The purpose was to create a
minimal impact on the infrastructure in accordance with the specifications of the end-of-pipe
solution expressed in the theory. To decarbonise the heating sector this way, all the natural gas
used for the natural gas boilers was converted into green gas.
The following picture shows a simplified scheme of the approach used in Scenario 1. It is important
to stress that, even though there is 22% of district heating in this scenario, none alterations were
made to the district heating. In this sense, there is no power-to-heat technology in district heating
production as the production is ensured by CHP plants and boilers keeping it the same way as in
BAU 2050.

Figure 9 – Power-to-gas scheme used in Scenario 1.

This green gas has, of course, to be produced and the amount is dependent on the natural gas
demand for the individual natural gas boilers which is 46.88 TWh/year. The biomass potential for
the Netherlands was considered to produce the green gas. A study from 2009 shows that the
biomass potential for the Netherlands is expected to be between 53 to 94 PJ (14.7 to 26.1 TWh)
in 2020. (Koppejan et al., 2009) Although it is not possible to accurately predict the biomass
potential for 2050, it was assumed that it will still be the same amount as in 2020. Therefore, the
26.1 TWh/year were considered for biogas hydrogenation process and the remaining 20.77
TWh/year, which need to be imported, were considered in the biomass hydrogenation process.
The capacity for the electrolysers for producing the needed hydrogen was adjusted considering a
30% buffer. The available excess electricity produced by renewable energies is availed by the
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electrolysers and 1 GWh of storage for the hydrogen was considered to increase the overall
efficiency of the system.

Scenario 2: continuity solution
For the second scenario, the continuity solution, the district heating is raised from 25% to 50% and,
consequently, the green gas technologies are downscaled having a lower share in the heating
sector. This provokes changes in the techno-institutional regime as new end-users for district
heating emerge and new appliances must be installed. The gas infrastructure is still used, and the
gas-related companies and utilities are still in place, but new investments are made for the thermal
grids and, of course, new thermal grid operators arise. In this scenario, the techno-institutional
regime changes, balancing the two infrastructures, but it cannot be considered a radical change
since the gas infrastructure is still used. Power-to-heat and power-to-gas technologies coexist, and
both use excess electricity from renewable energy sources to decarbonise the heating sector.
The following picture shows a simplified scheme of the approach used in this scenario. It becomes
clear that the techno-institutional regime changes by having more households connected to the
thermal grid. In this scenario, the excess electricity produced by renewable energies is used for
both power-to-gas and power-to-heat technologies.

Figure 10 - Power-to-gas and power-to-heat scheme used in Scenario 2.
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District heating and individual heating represent 46.5 TWh/year each of the total heating demand.
In its turn, natural gas boilers represent 41% (see figure 11) of the individual heating portraying 20
TWh/year that needs to be supplied with green gas. In this case, biogas hydrogenation process
covered all green gas production for the individual gas boilers as the demand could be supplied
by the available potential biomass. The capacity for the electrolysers was adjusted in the same
way as in Scenario 1.

Figure 11 - Share of district heating and individual heating in Scenario 2 are presented on the left. The share of
technologies for individual heating are presented on the right.

As the share of district heating increases, new technologies were added to the system to supply
the heat. A total of 800 MWe of compressed heat pumps with a coefficient of production (COP) 3
were installed in group 3 to supply the heat. As a consequence of spreading the district heating
infrastructure, losses in the grid increase so an additional 13% district heating grid losses were
considered due to the heat has to travel further distances. On the other hand, having a district
heating grid covering bigger areas allows for excess heat, e.g. produced from industrial processes,
to be injected into the grid adding heat that would be wasted otherwise. Large-scale compression
heat pumps, such as the ones introduced in this scenario, can use this heat source and adjust its
temperature into district heating temperature. (David et al., 2017) According to the STRATEGO
project. the excess heat potential in the Netherlands is of 583 PJ - 162 TWh/year - which is much
more than the heat demand for the Netherlands. (Persson, 2015) Although, this does not mean
that all the excess heat can be recovered. Considering the example of industrial excess heat,
industrial areas are often withdrawn from the city centres where the heat demand is higher.
(Mathiesen, et al., 2015) The distance between the excess heat source and the demand site should
be as close as possible in order to have excess heat with the right quality injected into the grid.
Nevertheless, even if only a small part of the excess heat can be recovered, this contributes to the
efficiency of the district heating system. Additionally, it uses an inexpensive heat source increasing
the sustainability and flexibility of the supply. (David et al., 2017) Accordingly to this reasoning,
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3.5% of the total excess heat potential was considered which represents 5.6 TWh/year. This may
be seen as a conservative amount, but it is in the same line as in Heat Road Map Europe
Netherlands where 5.3 TWh/year were considered for 56% share of district heating. (Paardekooper
et al., 2018) Heat storage was increased to 51.5 GWh allowing the system to become more
efficient.

Scenario 3: discontinuity solution
The last scenario describes a radical change in the Dutch heating sector. The purpose with the
discontinuity solution is to create a completely new techno-institutional regime in all its elements technological, organisational, industrial, societal and institutional - meaning a radical change in the
heating sector has to occur by ‘breaking’ with gas technologies. By increasing the share of district
heating up to 75%, the need for natural gas boilers disappears as the graphic 12 shows. The
remaining biomass boilers – 11.6 TWh/year - were converted to individual heat pumps to increase
the efficiency of the system and decrease the biomass consumption in the heating sector.

Figure 12 - Share of district heating and individual heating in Scenario 3 are presented on the left. The share of
technologies for individual heating are presented on the right.

The following picture shows a simplified scheme of the approach used in this scenario. It
represents a disruption with gas supply and the ‘old’ infrastructure leading to a discontinuity on the
path dependency. Power-to-heat is the only technology used to incorporate excess electricity
production from renewable energy sources into the heating sector.
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Figure 13 - Power-to-heat scheme used in Scenario 3.

The heat demand for district heating is, at this point, of 67.4 TWh/year and the demand for
individual heating represents 22.4 TWh/year. Compression heat pumps capacity was raised up to
2000 MWe covering 33% of the district heating demand. As mentioned above in Scenario 2,
spreading the district heating grid brings consequences: some as the grid losses are bad for the
system and others such as recovering excess heat from industrial processes are beneficial. The
losses in the district heating grid were lifted to 14% as the heat has to travel further distances.
Additional 4 TWh/year of geothermal heat pumps with COP 3 was installed to supply the demand
and the excess heat recovered was 7% of the total potential which represents 11 TWh/year of heat
being injected into the thermal grid. The heat storage was also increased to 78.09 GWh.

Sensitivity Analysis
Currently, as much as 60% of the biomass used in the Netherlands has to be imported. (Bout et
al., 2019) Considering that the production of green gas will add extra demand for biomass, it is
important to know how much more dependent the country will be on importations by having powerto-gas technologies. The sensitivity analysis was performed to understand the impact that the
‘green gas’ production has in the overall system, especially on biomass consumption.
Two alternative scenarios were shaped where the individual natural gas boilers were substituted
by individual heat pumps and the production of green gas was eliminated. The heat demand
previously supplied with gas is now supplied by electricity feeding the individual heat pumps.
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In Scenario 1, this results in having a heating demand on individual heat pumps of 12.4 TWh/year,
and 5.94 TWh/year in Scenario 2. The electricity demand was adjusted to the new reality and the
RES were optimized again with a CEEP not greater than 10%. The share of district heating in the
alternatives was kept the same as in scenarios 1 and 2 - 22% and 50% respectively. This allows
to compare the three main scenarios as none of them is now using green gas to supply the heating
demand.
This approach represents a radical change to the techno-institutional regime in the way that both
discontinue the gas infrastructure. The same way as in Scenario 3, these alternatives present a
discontinuity solution and create a new techno-institutional regime by phasing out gas technologies
from the heating sector.

Analysis of the results
Now that the scenarios for decarbonising the Dutch heating sector have been designed, how to
evaluate and compare the alternatives?
The aim of this thesis is to show how to decarbonise the Dutch heating sector. Thus, an obvious
parameter to evaluate is the CO2 emissions to understand to what extent the decarbonisation goal
has been achieved. One can argue that the bigger the reduction, the better the solution, but this
may not be entirely true. Other factors must be considered together with the reduction of the
emissions such as costs, investments and sustainability of the solutions. A solution can seem
perfect from the emissions point of view but be impracticable and/or unsustainable from an
economic perspective. All scenarios were designed to lower the emissions on the heating sector,
thus there is room for complementary analysis. Foremost, it has been said before that the decision
behind which alternative to choose is a political one. In this sense, socio-economic data was
presented ignoring taxes and subsidies as there is no way way to know for sure how taxes and
subsidies may look like by 2050. In this way, the real costs related to increasing or decreasing a
certain infrastructure or technological solution are the ones presented allowing for comparison
without the ‘bias’ imposed by old path dependency. Based on real costs, political strategies and
decisionmakers can define the strategy towards a certain solution setting the path for new policies
to achieve the 2050 vision of carbon neutrality.
Furthermore, the efficiency of the system and the penetration of renewable energy are both
aspects that should be evaluated. Energy produced from renewable energy sources has a direct
impact on overall fuel consumption (and price). Primary Energy Supply (PES) is the energy needed
for the system to function. Looking back to figure 6 representing a Smart Energy System, PES
represent the resources needed for the conversion technologies. Having less PES means that less
energy is needed for the system to function which is a sign of an increase in the efficiency.
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Analysing the PES, biomass should be carefully analysed due to the small potential in the
Netherlands and the increasing demand for this fuel worldwide. The increasing demand for this
fuel especially by countries willing to achieve carbon neutrality can jeopardize its sustainability in
the long term.
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6. Results Analysis
The results for the scenarios described in the previous chapter are now presented and analysed.
In the Netherlands, the heating sector is locked-in on natural gas and natural gas technologies.
The alternatives demonstrate possibilities to unlock the fossil fuel-based heating sector into low
carbon ones. Foremost, it is not the aim of this thesis to decide which alternative is the best. The
results present different strategies for decarbonizing the Dutch heating sector and it is up to de
decisionmakers to decide which path suits best the country’s interests. End-of-pipe, continuity and
discontinuity solutions presented in Chapters 3 (Theoretical Approach) and designed in Chapter 5
(Designing the Scenarios), are analysed based on the changes to techno-institutional regimes.
Firstly, the heating sector is analysed from a technologies point of view. Secondly, district heating
is examined in terms of demand and production. Further, the Primary Energy Supply (PES) is
analysed to understand the contribution of renewable energy in each alternative. The fuel mix and
the corresponded CO2 emissions are presented and compared Lastly, the costs are presented by
technology, so the investments needed in each scenario become clear.
(Note: the outputs from EnergyPLAN for all scenarios are available at the Chapter 10 – Appendix)

The heating sector
The focus of this thesis is in the Dutch heating sector, therefore it is relevant to analyse how the
heating sector looks like in the modelled scenarios. As explained in Chapter 5 (Designing the
Scenarios), the approach for designing the end-of-pipe, continuity and discontinuity solutions
followed power-to-gas and power-to-heat technologies. This was obtained by incrementally
expand the thermal grid including district heating related technologies. Figure 14 shows the
difference between these strategies for the same heating demand.
The individual heating contemplates several technologies depending on which fuel it uses. The
natural gas in scenarios 1 and 2 was replaced by green gas and the remaining technologies
(individual heat pumps and individual electric heating) are run on electricity and, due to its small
share, it was assumed that the electricity is produced by renewable energy sources.
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Figure 14 - Heating sector demands including both district heating and individual heating technologies.

Individual heating allows for the end-user to choose which technology it prefers. One can argue
that it provides freedom of choice and adds some flexibility to the sector by being a decentralised
(local) production of heat, where the conversion point is on the demand side.
Even though it is not possible for the end-user to choose which technologies are part of the district
heating, it is also possible to have the heat produce from several sources as it is next.
Analysing closely the district heating results, the main contributors for the heat productions are
large-scale heat pumps and CHP plants. This represents a synergy between the electricity sector
and the heating sector which is what contributes to the higher efficiency seen in scenarios with
higher district heating as it was explained in the previous section. The heat sources feeding the
thermal grid can be seen in figure 15.
As the district heating grid expands, more heat sources are included in the system to satisfy the
demand. In Scenario 3, where the gas grid was phased out, large scale heat pumps are the major
contributor by supplying 33% of the heat demand. The reason for this is because heat pumps are
a very efficient technology producing heat. A COP of 3 was used in the scenarios with large-scale
heat pumps, but this can be even higher depending on the temperature of the heat sources. Higher
sources of heat can provide higher efficiency (David et al., 2017) and, looking forward 2050, heat
sources and heat pump technologies can be further refined than today.
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Figure 15 - District heating production.

Heat pumps are mostly working in a flexible production depending on the availability of renewable
energies. Therefore, thermal storage can increase even more the share of renewable energies in
the heating sector increasing its flexibility.
Followed by large-scale heat pumps, CHP plants are the one following in the heat production
supplying 29% of the demand. CHP plants have electricity as their main product, but heat is
produced as well as a by-product of electricity. Thus, this is another synergy found between the
electricity and heating sectors. Whether the electricity production is high or low, CHP plants and
heat pumps together with thermal storage can create flexibility in the district heating systems with
high efficiency. (Paardekooper et al., 2018) Nonetheless, the fuels used in CHP plants in all
alternative scenarios are coal, biomass and natural gas meaning that one cannot be entirely sure
if the heat supplied is fully decarbonised. To ensure the 100% carbon neutral heat produced from
CHP plants, it would be necessary to safeguard the carbon neutrality of the fuel. To overcome this
challenge, it was made the decision of converting one-third of the coal-powered CHPs into biomass
and assuming that this would be enough to decarbonise the heat produced by CHP plants. This is
particular important in Scenario 3 because of the high demand for heat for the district heating
system. In figure 15, it is possible to see that the heat supplied by CHP plants for the district heating
system is almost the same in Scenarios 2 and 3 even though the demand in the last one is much
higher. Another strategy to reduce the consumption of the heat produced by CHP plants was to
introduce other heat sources in the district heating systems, such as geothermal heat pumps and
excess heat sources. The increasing on thermal storage also contributes for the penetration of
more heat sources. In Scenario 2 and 3, excess heat sources represent 14% and 25% of the total
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heat demand. It is important to remember at this point that only 3.5% of the total excess heat
potential was used in Scenario 2 and this amount was of 7% in Scenario 3. Since excess heat can
be provided by several industrial process (and not only), it provides inexpensive heat from a variety
of sources contributing to the flexibility of district energy systems by diminishing the PES.

Decarbonisation and efficiency
All scenarios were designed to decarbonise the heating sector. Analysing the figure 16, all three
present high decarbonisation levels, especially compared to 2015 levels. To be precise, the
reduction in CO2 emissions is 29.7% in Scenario 1, 32.5% in Scenario 2 and 32.7% in Scenario 3
compared to BL 2015.
The difference of CO2 emissions between BAU 2050 and the alternatives is not as obvious between 10% and 13.7% reduction. A reason behind these results may be found in the electric
sector. The approach in this thesis was to focus on the heating sector while changing the electric
sector the least possible to be able to create comparable alternatives. Thus, keeping the same
baseload technologies and merely adjust accordingly to the electricity demand may prevent the
CO2 emissions to reduce further, but on the other hand, it reveals how the heating sector behaves
and how it interacts with the electricity sector. Nonetheless, comparing to BAU 2050, all
alternatives achieve a deeper decarbonisation which means that ambitious energy savings on the
demand together with efficiency in the supply can increase the overall decarbonisation of a system.

Figure 16 - Primary Energy Supply by source and total CO2 emissions.
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Considering the Primary Energy Supply, as the heat demands are the same in the three
alternatives, a reduction of PES is a sign of the overall efficiency of the system in the sense that
less fuel is needed to operate it. Scenario 3 has the lowest PES, totalizing 9% and 21.1% reduction
compared to BAU 2050 and BL 2015 respectively. The additional 15% heat saving in the demand
side, the integration of industrial excess heat and the better integration between electric and
heating sectors through the heat pumps are contributing to reducing the fuel demand. Compared
to BAU 2050, this is not observed in Scenario 1 which needs more PES to operate. The increase
on PES can be explained by the energy needed for the electrolysers for hydrogen production. Even
though Scenario 1 has the same percentage of heat savings in the demand like the other
alternatives, the production of green gas is making the system the least efficient of all scenarios,
including the BAU 2050 where the heat savings were not increased.
Regarding the amount of renewable energy used, Scenario 1 is the one which allows for more
renewable energy production. A total of 105.25 TWh/year is produced from RES (including
biomass) in the first scenario compared to 97.04 TWh/year in Scenario 2 and 83.25 TWh/year in
the third scenario. The reason for this lies in the use of biomass. The first scenario is also the one
with the most biomass consumption totalizing 115.96 TWh/year. Partly is used in the production of
green gas by biomass conversion and partly to fuel the CHP plants. By decarbonising the heating
sector alone, the presence of RES in primary energy supply accounts for percentages above 23%
and the electricity production from renewable energy sources is around 55% in all alternatives.
As for the biomass consumption, all alternatives show a clear increase in biomass consumption
compared to BAU 2050 and BL 2015 (see figure 17).
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Figure 17 – Total biomass consumption.

A rather small portion of the consumption is related to biomass boilers used in households. Most
of the biomass is consumed in conversion technologies such as CHP plants. Scenario 1 presents
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the highest increase on consumption because, besides the use in CHP plants, biomass is also
used in conversion technologies to produce green gas.
Biomass is a scarce fuel and the tendency for the future is to be even scarcer as the demand
increases worldwide. Scenario 3 presents the lowest biomass consumption of the three
alternatives even though it is 1.5 higher compared to BAU 2050 while in Scenario 1 the
consumption is more than 2 times higher.

Costs
A parameter that highly influences the feasibility of a solution is the costs related to it. For the
decisionmakers and especially in national energy systems, the socio-economic analysis shows
how much investments are needed, the operation cost of a particular solution and the variable cost
associated with it. Most of the cost needs to be supported by public money coming from the
taxpayers making the decision one that cannot be taken lightly. Figure 18 shows the annualised
total costs of the different scenarios.

Figure 18 - Total investments cost by cost type.
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The first obvious conclusion is that the costs do not vary much between scenarios. Compared to
BAU 2050, Scenario 1 presents a 2% increase in the costs, Scenario 2 shows a 1% decrease, and
Scenario 3 features 3% decrease being the cheapest solution. It may seem little, but 3% reduction
equals 1,554 Million Euros.
Analysing the cost breakdown, firstly it is evident the decrease in CO2 emissions related costs. As
all alternatives present deep decarbonisation in the heating sector, this has a direct impact on
money spent on carbon emissions. Secondly, the variable cost which includes expenses with fuels
portrays a reduction tendency which is aligned with the PES analysis done above. The first
scenario has the highest fuel consumption, especially concerning biomass and natural gas, which
may explain the high variable costs. The annual investments cost related to infrastructure and
investments in technologies such as wind turbines or heat pumps. All three alternatives show
higher values of annual investments compared to BAU 2050. This can be explained by the
investments in renewable energy technologies (namely wind turbines and solar PV) and, especially
in Scenario 3, the investment in the expansion of the district heating grid.
In Chapter 5 (Designing the Scenarios), was mentioned that additional 15% of heating saving
measures
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demand

side
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considered in relation to BAU 2050. These
measures

relate

improvements

on

to
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buildings

such

and
as
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As figure 19 shows, adding 15% of heating
saving represents an additional investment of
almost 500 million euros in all alternatives on
top of the investments already considered for
BAU 2050. It a very ambitious target as
previously stated, stressing that efficient and

Figure 19 -Annualised investments in heat saving

effective policies pointing in this direction are

measures.

imperative.
Energy saving measures are by far the greatest investment. Looking to figure 20, where this cost
has been withdrawn, the annual investments costs and respective technologies are presented to
analyse the differences between the scenarios concerning the different technological choices.
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Figure 20 - Annualised investments costs by specific technology excluding investments cost for heat savings.

Some investments are high in all scenarios such as large power plants and offshore wind. The
main differences lie on the specific technologies corresponding to the strategies used for designing
the scenarios. For instance, when it comes to investments in individual boilers, the costs are high
for BAU 2050 and Scenario 1 but less significant for Scenario 2. Of course, the costs for replacing
the gas grid for a thermal grid also represents higher costs in scenarios 2 and 3 due to the
expansion of the district heating network and the installation of district heating substations. This
investment is particularly high in Scenario 3 as expected.

Sensitivity Analysis
As previously mentioned, 60% of the biomass used in the Netherlands must be imported. Adding
to this situation, the approach used in Scenarios 1 and 2 was to prioritise the biomass potential for
the green gas production which may be rather unrealistic. Therefore, it is important to put this
solution into perspective. Two alternative scenarios were modelled where the need for green has
production was withdrawn. Further, the impacts on Primary Energy Supply, CO2 emissions,
biomass consumption and costs are analysed.
In figure 21 the Primary Energy Supply and CO2 emissions are presented. The impact of green
gas production is unquestionable. Scenario 1 + ind. HP shows a significant reduction on PES
compared to Scenario 1 summing 8% of reduction. The difference between Scenario 2 + ind. And
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Scenario 2 is not as obvious HP, but it still represents 3% of reduction in PES. Both new
alternatives present greater levels of efficiency compared the green gas scenario.
Following the same tendency, the CO2 emissions are further reduced. In fact, both present lower

Figure 21 - Primary Energy Supply by source and total CO2 emissions.

levels than the three main scenarios making them more efficient solutions in decarbonising the
energy system. The one with the least CO2 emissions is Scenario 2 + ind. HP, having less 33%
and 15% emissions compared to BL 2015 and BAU 2050 respectively.
Regarding the amount of renewable energy used, both present lower share on PES, 87.8 and
85.88 TWh/year. Scenario 3, however, is still the one with the least share of RES on Primary
Energy Supply (83.25 TWh/year).
As for the biomass consumption see figure 22. The gap between Scenario 1 and Scenario 1 + HP
is undeniable proving green gas production is consuming a great amount of biomass. As the share
of gas grid diminish as in Scenario 2, the savings on biomass consumption by substituting
individual natural gas boilers for individual heat pumps are not as evident. There is a slight
reduction of 2% in Scenario 2 + HP compared to Scenario 2, but the one using less biomass is still
Scenario 3. Again, comparing with BL 2015 and BAU 2050 the demand for biomass is around the
double which may represent a wicked challenge due to the high need of imports to secure the
demand.
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Figure 22 – Total biomass consumption.

Analysing the costs, the results show that all scenarios with no green gas production present the
lowest costs. Breaking down the costs, the two alternatives have costs much similar to Scenario
3. The exception is on fixed operation costs where Scenario 1 + HP presents a slightly higher
value. The variable cost expresses the same tendency as before, mainly due to PES reduction. It
is evident the decrease in expenses related to CO2 emissions.
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Figure 23 - Total investments cost by cost type.
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7. Discussion
The analysis done in the previous chapter showed that decarbonising the heating sector in the
Netherlands will create technical and institutional changes. Depending which alternative followed,
the impact of those changes is also different. The results are affected by the theoretical approach
used for designing the alternative, the assumptions and data used, and the choice of methods.
These discussions are addresses in this chapter.

Methods and results
The Dutch heating sector has its own characteristics and subtleties that contribute to the carbon
lock-in on gas technologies and infrastructure. This is a very context specific carbon lock-in which
means that the results found cannot be replicated in another context. In fact, if the focus of this
thesis was on the Dutch electricity sector other carbon lock-in would probably arise. Energy
systems vary significantly from country to country depending on domestic resources, strategies
and national plans, reinforcing the idea that these results are dependent from the choice of the
case of the Netherlands.
The findings are closely related to the delimitations and the assumptions made. Transport and
industry were kept out of the analysis as well the cooling sector. No changes were made in these
sub-sectors in any of the alternatives. From a Smart Energy System concept, it is not ‘smart’ to
leave sub-sectors out. An energy system should include all its components to find better synergies
and greater renewable energies sources penetration. As an example, having district cooling and
district heating operating together would create a very efficient synergy through heat pumps using
the excess heat from the cooling in the district heating grid.
Assumptions on technologies efficiency, capacities and costs were also performed which have a
direct impact on the results. Looking forward to 2050 some of these assumptions may be difficult
to predict. Technologic breakthrough and economic crises are likely to occur during this 30-year
potentially affecting some of the assumptions made. Some counter-measures are needed.
Although, all the assumptions were based on existing mature technology which means this system,
from a technological point of view, can be implemented today as it is not depending on technology
development.
A weakness on this thesis results is that it presents results for how the Dutch energy system and
the techno-institutional regime can look like in 2050, but it does not show the path to reach it.
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Further planning strategies on economic, technological and policy level would be the next phase if
a scenario was to be implemented. The main challenge is how to create the political and social
conditions needed for the techno-institutional regime and, at the same time, allow investments and
economic growth. As mentioned before, this is a political decision and is up to the government to
analyse the political and institutional frameworks and set the strategic path.
The strategies chosen to unlock carbon lock-in situations enable to design three different
scenarios. The aim was to present different paths to achieve carbon neutrality in the heating sector
in the future and the results show a decrease in the CO2 emissions in all alternatives. However,
the results relate to the entire energy system and not the heating sector alone, which makes it
difficult to understand if the heating sector was completely decarbonised. The electricity sector is
closely connected to the heating sector and the electricity sector has not been decarbonised. In
this sense, even though the alternatives present higher levels of RES compared to BAU 2050, the
energy used in green gas production, large-scale heat pumps and CHP plants may not come from
a carbon neutral source. CHP plants are a considerable source of heat for the district heating and
the fuel burned on CHP plants is mainly coal with smaller shares of biomass and natural gas. This
challenge was addressed by converting one third of the coal CHP plants into biomass CHP plants,
but without decarbonising the electricity sector, it is hard to state without any doubt that the heating
sector has been fully decarbonised.
The process of methanation has substantial losses, especially in the form of heat (Vlap, H. et al.,
2015), which can be an interesting solution to explore if the system has a thermal grid to utilise this
heat source. The results do not present the amount of heat losses in the system, it would be
interesting to analyse how much heat is being wasted from conversion technologies and how much
could be re-integrated into the system. Nonetheless, alternatives with thermal grid showed greater
efficiency the more share of district heating was included with less CO2 emissions. The results
show that thermal grids are more cost and PES effective at reducing CO2 emissions than gas grids.
The heat pumps are working as conversion units to integrate renewable energy sources such as
wind, solar and excess heat, in the district heating grid. According to David et al. (2017), largescale heat pumps affect the efficiency of the energy systems. This was witnessed through the
reducing on PES in Scenarios 2 and 3. Heat pumps were considered with a COP of 3, however it
is possible to achieve a COP of 4 (or more) having excess heat sources at a higher temperature
than the district heating. The higher the temperature of the excess heat source, the higher the heat
pump COP. In this sense, it would be interesting to analyse the sensitivity of the heat pumps and
how different levels of COP would influence the results. Due to time limitations this was not
possible.
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Biomass consumption
The biomass consumption increased substantially in all scenarios, being above 1.5 times in the
alternatives compared to BAU 2050. Although the main consumption is witnessed in the electricity
sector, the sensitivity analysis also showed that green gas production affects the overall
consumption of biomass. For instance, in Scenario 1 the whole potential domestic biomass was
used in the productions of green gas and additional had to be imported to cover the demand for
the natural gas boilers. Scenario 2 eliminated the need for imports as the domestic biomass could
cover the production for green gas, but it used almost all the available biomass. Nevertheless, it is
reasonable to think that there are other ends for domestic biomass other than gas production for
the heating sector which means that the imports will probably be higher when considering other
sectors such as industrial sector and transport sector. This represents a challenge that cannot be
ignored.
The rising consumption of this resource will make the Netherlands dependent on biomass imports
for its energy system. It is expected that the biomass prices will increase following the demand.
Being dependent on large amounts of imports represents a major challenge to the energy security
as the oil crises back in the 70’ evidenced. Additional biomass can be produced internally through
crops, but this raises an old discussion when it comes to biomass production for energy production:
should land be used to grow food crops or energy crops? This debate has been growing for several
years, especially due to the increasing demand for biomass for energy purposes from developed
countries to lower their CO2 emissions. Another debate has to do with the sustainability of biomass
as a renewable resource. The CO2 emissions are not accounted for in biomass as it is considered
a carbon-neutral fuel - the emissions on combustion are compensated by regrowth of biomass.
Nonetheless, the regrowth scheme can be questioned, especially if the imports come from
countries with high levels of corruption. The questions related to the sustainability of the resource
on the long-term and its impacts on the biosphere have been increasing. This was the main reason
why the European Commission assess the sustainability of biomass and its contribution for
reducing emissions. (European Commission, 2016)
For the reasons explained above this can create a major challenge in the long-term for the
Netherlands. Having the energy system based on biomass can create a new lock-in, in this case
on biomass technologies. To avoid for new lock-in to settle, it is desirable that the energy system
stays as flexible as possible allowing energy from several sources to be part of the technoinstitutional regime.
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Costs
Cost are a major factor for analysing the viability of a solution. From a technological perspective,
Scenarios 2 and 3 presented high costs related to district heating infrastructure while Scenario 1
presented high cost with individual natural gas boilers and hydrogen storage. The question here
lies on who is paying for this cost.
Individual heat technologies are placed inside the buildings, on the demand side, making them
private. In this sense, while the government supports the cost on large-scale technologies and
infrastructure investments, the investments done on the user’s level is done by the owners. In this
sense, personal preferences and personal income play a role. Some people may not be willing to
support this cost if other cheaper solutions are available. scale technologies over individual one.
The way the scenarios were modelled excluded subsidies and taxes, revealing the raw cost of the
alternatives. The government can favour some technologies over other through subsidies and
taxes, influencing end-users to choose a particular direction, but in principle it is an expense on
the end-user side. Continuing the reasoning, investments on infrastructure, large power plants,
large-scale heat pumps and renewable energies, represent a lower impact for the end-user as
these investments are decided and negotiated by the government.
From a socio-economic point a view, it is better to invest in permanent infrastructure and
technologies which will benefit the whole society, rather than spend money on variable cost such
as fuel. Fuel prices are volatile as the 1970 oil crises showed, making it dangerous to rely on
energy importation through fuel. To avoid insecurity on the supply, local and regional energy
sources such renewable energy sources are preferable. On the other hand, investing in large-scale
technology and infrastructure ensures that the money is spent internally by creating business, jobs
and expertise capital (Lund et al., 2017) allowing for local economic growth.

Techno-institutional regimes
Favouring low-carbon alternatives can create a new path dependency escaping the carbon lockidentified in this thesis. The scenarios present the technological changes but, from a technoinstitution point of view, this is not enough to unlock the system. It is the close interactions between
technologies and institutions that create path dependencies towards carbon lock-in so, it will take
more than just technology change to unlock it.
The technological and economic aspect previous addressed can lead the way for planning a new
architecture of a decarbonised energy system. Although, without the right institutional, societal and
organisational framework the transition may not occur. Society needs to be informed and ‘nudged’
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into making better decisions considering low-carbon technologies. End users practices and
choices can greatly influence the market by demanding low-carbon technologies to heat their
homes forcing the organisations to adjust the supply. In the end, strong policies favouring lowcarbon solutions over fossil fuel solutions are crucial for the transition towards a decarbonised
energy system. The results show that from a technological point of view the lock-in can be
overcome. It is now up to the governments to set the rules for this path dependency to be possible.
In Chapter 3 (theoretical Approach) it is mentioned that policymakers tend to prefer end-of-pipe
solutions. But, as the results show, greater decarbonisation at a lower cost can be found in
solutions with greater ambitious towards change such as Scenario 2 and 3. It was also
demonstrated that scenarios with more energy sources are more efficient and, having flexibility on
the supply can prevent a new lock-in to settle in the future. Having more technologies as part of
the techno-institutional regime avoids that a technology becomes dominant preventing the system
to be relying in one major energy source as it was the case with natural gas. More diversity also
allows for domestic energy sources to be explored such as wind and solar at a smaller cost for
society than gas alternatives.

Final remarks
In Scenario 1, the decarbonisation was achieved by changing the nature of the fuel, aligned with
the end-of-pipe approach. No other relevant modifications were made. In this sense, the technoinstitutional regime was kept in the same path dependency. Biogas and biomass hydrogenations
process were included, and electrolysers are used to supply the necessary hydrogen for the
processes. Including more technologies like these ones for producing green gas makes the Dutch
heating sector decarbonised but still locked-in in gas technologies. The system continues
dependent on this type of fuel to operate making the heat supply less flexible. Overall, as the
analysis presents, the green gas alternatives are more costly, use more PES and have lower levels
of decarbonisation which represents, in the end, another market failure.
Scenario 2 balanced the share of district heating with individual heating. The natural gas was
substituted by green gas, so the alternative would be aligned with the continuity approach.
Changes in the techno-institutional regime start to appear as more customers are connected to
the district heating network. A new path dependency is shaped where the gas stakeholders share
their power with new ones rising from the increasing thermal grid. The results show that new
technologies related to the increasing of the thermal grid appear meaning that there is a higher
share of the market for those technologies. In other words, a share of the appliances, business,
jobs, etc. migrate from gas technologies towards district heating technologies shaping a different
techno-institutional regime.
In the last alternative, Scenario 3 representing the discontinuity strategy, all elements in the

techno-institutional regime are changed from gas technologies to thermal technologies
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(appliances, grid, etc.). Gas technologies as phased out from the techno-institutional regime of
the Dutch heating sector. This implies that jobs, business, grid operators, market, policies, are
reshape into the new reality. The results show that considerable investments are needed,
especially to expand the district heating infrastructure, but overall the total costs are lower than the
other two alternatives. A new path dependency is set based on power-to-heat technologies where
the government has a major role defining new policies and laws to regulate the sector now based
on a thermal grid.
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8. Conclusion
Urgency in dealing with climate change and limiting the global temperature to increase above 1.5°C
of the pre-industrial levels is pressing governments all over the world to find solutions to lower their
emissions. This represents major challenges, especially in carbon locked-in energy systems as is
the case of the Netherlands.
Decades of domestic natural gas exploitation set the path dependency towards a robust technoinstitutional based on natural gas. Political strategies, economic circumstances and historic
tradition, all led to a carbon lock-in situation in the Netherlands. Space heating is responsible for
45 million of tonnes of CO2 emissions. The final energy demand for space heating is 139 TWh and
97-98% of Dutch households are heated with natural gas. Nowadays, the country is trying to find
solutions and alternatives to decarbonise its energy system.
In this chapter are presented the conclusions to this thesis and the answer to the Problem
Formulation:
How can the Netherlands achieve the decarbonisation of the heating sector by 2050?
Looking forward to 2050, three alternatives were presented for decarbonisng the Dutch heating
sector using an energy system analysis tool, where different decarbonising approaches were
explored reflecting different degree of ambition towards change: end-of-pipe, continuity and
discontinuity.
Scenario 1 representing end-of-pipe approach, followed a power-to-gas strategy to reach
decarbonisation. Natural gas was substitute with green gas being produce through electrolysis and
hydrogenation process.
Scenario 2 representing continuity approach, followed a mix of power-to-gas and power-to-heat
strategies. The share of individual heating technologies and district heating technologies were
balanced where each one had 50% share of the heating demand.
Scenario r representing discontinuity approach, followed power-to-heat strategy by increasing the
share of district heating to 75% and phasing out natural gas technologies from the heat demand.
All alternatives included intermittent renewable energy sources in the most effective way by in line
with Smart Energy System Concept. In power-to gas strategy, excess energy produce from
renewable energy sources was used to power the electrolysers to produce hydrogen. In power-toheat strategy, the incorporation of renewable energy sources was used to power large-scale heat
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pumps. The results show that it is possible to achieve around 30% reduction on CO2 emissions
compared to 2015 levels. Alternatives with power-to-heat strategy prove to be more cost-effective
at lowering the CO2 emissions. Comparing all three scenarios, Scenario 3 is the one with higher
reduction on CO2 emissions at a lower cost.
From a technological perspective, all three alternatives show that it is possible to escape from the
existing carbon-based path dependency in the heating sector into a decarbonised one. All three
scenarios used technologies available and already mature meaning that there is no need for further
technological development. Although, all present a high consumption on biomass. This can present
a challenge as the Netherlands does not produce enough biomass to fulfil the demand. The country
will have to rely on imports which, as past fuel crises showed, represents a risk to the security of
the energy system.
In order to decarbonise the Dutch heating sector, more than just changes in technologies are
needed. A new techno-institutional regime based on low-carbon technologies needs to be created.
This means that besides technology changes, societal, organizational and institutional changes
must happen. The decision on how to decarbonise is a political one. The Dutch Government has
the responsibility to set the right framework for a new low-carbon path dependency by designing
strategies and policies favouring low-carbon solution over polluting ones.
Concluding, there several possible ways to decarbonise the Dutch heating sector. Some conditions
must be considered to fasten the transition towards a low-carbon heating sector. From a
technological point of view, the technologies needed for 2050 are available so, technological
change can virtually start today. Institutional present much higher resistance to change. Thus, to
decarbonise the Dutch heating sector this is where the focus should start. Developing new policies
and strategies are mandatory for overcoming organisational and societal barriers imposed by the
carbon lock-in, opening the path for low-carbon technologies to gain momentum into the technoinstitutional regime.

54

9. Bibliography
Arthur, W. B. (1989) ‘Competing Technologies, Increasing Returns, and Lock-In by Historical
Events’, Source: The Economic Journal, 99(394), pp. 116–131. Available at: https://www-jstororg.zorac.aub.aau.dk/stable/pdf/2234208.pdf?refreqid=excelsior%3Ad6fa51e6e4e915f12aa7cff4
0da560ef (Accessed: 15 April 2019).
Berg, S. and Meijer, B. (2018). Dutch parliament to set target of 95 percent CO2 reduction by
2050. [online] Reuters. Available at: https://www.reuters.com/article/us-netherlandsclimatechange-law/dutch-parliament-to-set-target-of-95-percent-co2-reduction-by-2050idUSKBN1JN1X5 [Accessed 9 Apr. 2019].
Boer, J. de et al. (2018) ‘The adaptation of Dutch energy policy to emerging area-based energy
practices’, Energy Policy. Elsevier, 117, pp. 142–150. doi: 10.1016/J.ENPOL.2018.02.008.
Bout, A., Pfau, S., Krabben, E. and Dankbaar, B. (2019). Residual Biomass from Dutch Riverine
Areas—From Waste to Ecosystem Service. Sustainability, 11(2), p.509
BusinessDictionary.com. (n.d.). Business Dictionary. [online] Available at:
http://www.businessdictionary.com/definition/system.html [Accessed 6 Apr. 2019].
Connolly D, Lund H, Mathiesen BV, Østergaard PA, Möller B, Nielsen S, et al. Smart energy
systems: holistic and integrated energy systems for the era of 100% renewable energy. Aalborg:
Aalborg University; 2013.
Correljé, A., Van Der Linde, C. and Westerwoudt, T. (2003) Natural Gas in the Netherlands From
Cooperation to Competition? Available at:
https://www.clingendaelenergy.com/inc/upload/files/Book_Natural_Gas_in_the_Netherlands.pdf
(Accessed: 9 April 2019).
Danish Energy Agency (2017) Technology Data for Energy Transport. Available at:
https://ens.dk/sites/ens.dk/files/Analyser/technology_data_for_energy_transport_dec_2017_1.pdf
(Accessed: 14 May 2019).

55

Danish Energy Agency (2016) Technology Data for Individual Heating Installations. Available at:
https://ens.dk/sites/ens.dk/files/Analyser/technology_data_catalogue_for_individual_heating_inst
allations_-_upd._march_2018.pdf (Accessed: 25 May 2019).
Danish Energy Agency (2019) Technology Data for Renewable Fuels - 0001. Available at:
www.ens.dk (Accessed: 14 May 2019).

David, A. et al. (2017) ‘Heat Roadmap Europe: Large-Scale Electric Heat Pumps in District
Heating Systems’, Energies. Multidisciplinary Digital Publishing Institute, 10(4), p. 578. doi:
10.3390/en10040578.
Ec.europa.eu. (2019). Paris Agreement - Climate Action - European Commission. [online]
Available at: https://ec.europa.eu/clima/policies/international/negotiations/paris_en [Accessed 20
Feb. 2019].
EnergyPLAN. (n.d.). EnergyPLAN. [online] Available at: https://www.energyplan.eu [Accessed 22
May 2019].
European Commission. (2016). Communication from the Commission to the European
Parliament and the Council - The Road from Paris: assessing the implications of the Paris
Agreement and accompanying the proposal for a Council decision on the signing, on behalf of
the European Union, of the Paris agreement adopted under the United Nations Framework
Convention on Climate Change. [online]. Available at: https://eur-lex.europa.eu/legalcontent/EN/TXT/PDF/?uri=CELEX:52016DC0110&from=EN [Accessed 20 Feb. 2019].
European Commission (2016) An EU Strategy on Heating and Cooling. Brussels. Available at:
https://ec.europa.eu/energy/sites/ener/files/documents/1_EN_ACT_part1_v14.pdf (Accessed: 3
June 2019).
European Commission. (n.d.). Energy - Clean energy for all Europeans - Energy - European
Commission. [online] Available at: https://ec.europa.eu/energy/en/topics/energy-strategy-andenergy-union/clean-energy-all-europeans [Accessed 21 Feb. 2019].
European Commission. (2018b). A Clean Planet for all - A European strategic long-term vision
for a prosperous, modern, competitive and climate neutral economy. [online] Brussels: European
Commission. Available at: https://eur-lex.europa.eu/legalcontent/EN/TXT/PDF/?uri=CELEX:52018DC0773&from=EN [Accessed 21 Feb. 2019].
56

European Commission (2017) Energy Union Factsheet The Netherlands - Macro-economic
implications of energy activities NL EU28. Brussels. Available at:
https://ec.europa.eu/commission/sites/beta-political/files/energy-union-factsheetnetherlands_en.pdf (Accessed: 8 April 2019).
European Commission. (2018a). EU energy in figures - Energy - European Commission. [online]
Available at: https://ec.europa.eu/energy/en/data/energy-statistical-pocketbook [Accessed 14
May 2019].
European Environment Agency. (2018). Trends and projections in Europe 2018 - Tracking
progress towards Europe's climate and energy targets. Available at:
https://www.eea.europa.eu/publications/trends-and-projections-in-europe-2018-climate-andenergy [Accessed 14 May 2019].
Fleming, S. (2019). These 11 EU states already meet their 2020 renewable energy targets.
[online] World Economic Forum. Available at: https://www.weforum.org/agenda/2019/02/these11-eu-states-already-meet-their-2020-renewable-energy-targets [Accessed 9 Apr. 2019].
Flyvbjerg, B. (2006), "Five Misunderstandings About Case-Study Research" in SAGE Qualitative
Research Methods SAGE Publications, Inc, Thousand Oaks, pp. 219-245.
Geels, F. (2002). Technological transitions as evolutionary reconfiguration processes: a multilevel perspective and a case-study. Research Policy, 31(8-9), pp.1257-1274.
Government of the Netherlands (2018) National Reform Programme 2018 The Netherlands.
Available at: https://ec.europa.eu/info/sites/info/files/2018-european-semester-national-reformprogramme-netherlands-en.pdf (Accessed: 9 April 2019).
Government.nl. (n.d.). Climate policy. [online] Available at:
https://www.government.nl/topics/climate-change/climate-policy [Accessed 9 Apr. 2019].
Green Gas Grids (2014) Introduction State of affairs on Biomethane in the Netherlands National
Roadmap. Available at: http://www.agentschapnl.nl/programmas-regelingen/biomassa-sde-2013
(Accessed: 3 May 2019).
Hafner, M. and Tagliapietra, S. (2017) The European Gas Markets Challenges and
Opportunities. Milan: Palgrave Macmillan, Cham. doi:10.1007/978-3-319-55801-1.

57

Heat Road Map Europe (2017) 2015 Final Heating & Cooling Demand in the Netherlands.
Available at: www.heatroadmap.eu (Accessed: 5 June 2019).
Hölsgens, H. N. M. (2016) Energy Transitions in the Netherlands. University of Groningen.
Available at: https://www.rug.nl/research/portal/files/35348704/Complete_thesis.pdf (Accessed:
8 April 2019).
Hofhuis, P. and Schaik, L. (2019). Climate debate heating up in the Netherlands | Clingendael
spectator. [online] Spectator.clingendael.org. Available at:
https://spectator.clingendael.org/en/publication/climate-debate-heating-netherlands [Accessed 9
Apr. 2019].
Koppejan, J. et al. (2009) Beschikbaarheid van Nederlandse biomassa voor elektriciteit en
warmte in 2020. Available at: https://www.rvo.nl/sites/default/files/bijlagen/Beschikbaarheid van
Nederlandse biomassa voor warmte en elektriciteit in 2020.pdf (Accessed: 24 May 2019).
Leeuwen, C. and Mulder, M. (2018) ‘Power-to-gas in electricity markets dominated by
renewables’, Applied Energy. Elsevier, 232, pp. 258–272. doi:
10.1016/J.APENERGY.2018.09.217.
Lehmann, P. et al. (2012) ‘Carbon Lock-Out: Advancing Renewable Energy Policy in Europe’, 5,
pp. 323–354. doi: 10.3390/en5020323.
Lund, H. 2014, Renewable Energy Systems, 2. ed. edn, Academic Press, Amsterdam.
Lund, H. et al. (2017) ‘Smart energy and smart energy systems’, Energy, 137, pp. 556–565. doi:
10.1016/j.energy.2017.05.123.
Mathiesen, et al. (2015) Aalborg Universitet IDA’s Energy Vision 2050 A Smart Energy System
strategy for 100% renewable Denmark. Aalborg. Available at:
https://vbn.aau.dk/ws/portalfiles/portal/222230514/Main_Report_IDAs_Energy_Vision_2050.pdf
(Accessed: 21 May 2019).
Mattauch, L., Creutzig, F. and Edenhofer, O. (2015) ‘Avoiding carbon lock-in: Policy options for
advancing structural change’, Economic Modelling. North-Holland, 50, pp. 49–63. doi:
10.1016/J.ECONMOD.2015.06.002.
Ministry of Economic Affairs (2017). Energy Agenda Towards a low-carbon energy supply.
[online] The Hague: Ministry of Economic Affairs. Available at:
58

https://www.government.nl/documents/reports/2017/03/01/energy-agenda-towards-a-low-carbonenergy-supply [Accessed 9 Apr. 2019].
Ministry of Economic Affairs (2016). Energy Report Transition to sustainable energy. The Hague:
Ministry of Economic Affairs. Available at:
https://www.government.nl/documents/reports/2016/04/28/energy-report-transition-totsustainable-energy [Accessed 14 May 2019].
Negro, S. O., Alkemade, F. and Hekkert, M. P. (2012) ‘Why does renewable energy diffuse so
slowly? A review of innovation system problems’, Renewable and Sustainable Energy Reviews,
16, pp. 3836–3846. doi: 10.1016/j.rser.2012.03.043.
Østergaard, P. (2015). Reviewing EnergyPLAN simulations and performance indicator
applications in EnergyPLAN simulations. Applied Energy, 154, pp.921-933.
Paardekooper, S., Lund, R., Mathiesen, B., Chang, M., Petersen, U., Grundahl, L., David, A.,
Dahlbæk, J., Kapetanakis, I., Lund, H., Bertelsen, N., Hansen, K., Drysdale, D., Persson, U.
(2018). Heat Roadmap Netherlands: Quantifying the Impact of Low-Carbon Heating and Cooling
Roadmaps. Available at: www.heatroadmap.eu (Accessed: 14 May 2019).
Persson, U. (2015) Quantifying the Excess Heat Available for District Heating in Europe - The
STRATEGO project. Available at: http://stratego-project.eu/wpcontent/uploads/2014/09/STRATEGO-WP2-Background-Report-7-Potenital-for-Excess-Heat.pdf
(Accessed: 2 June 2019).
Roberts, D. (2018). The Netherlands contemplates the world’s toughest climate law. [online] Vox.
Available at: https://www.vox.com/energy-and-environment/2018/7/6/17535720/netherlandsdutch-climate-law-paris-targets [Accessed 9 Apr. 2019].
Schoots, K., Hekkenberg, M. and Hammingh, P. (2017) National Energy Outlook 2017.
Amsterdam. Available at: https://www.pbl.nl/sites/default/files/cms/publicaties/pbl-2017-nationalenergy-outlook-2017_3164.pdf (Accessed: 9 April 2019).
Schmidt, R. C. and Marschinski, R. (2009) ‘A model of technological breakthrough in the
renewable energy sector’, Ecological Economics, 69, pp. 435–444. doi:
10.1016/j.ecolecon.2009.08.023.
Unfccc (2015) Adoption of The Paris Agreement - Paris Agreement text English.

59

Paris. Available at: https://unfccc.int/sites/default/files/english_paris_agreement.pdf (Accessed:
20 February 2019).
Unfccc.int. (2019). What is the Paris Agreement? | UNFCCC. [online] Available at:
https://unfccc.int/process-and-meetings/the-paris-agreement/what-is-the-paris-agreement
[Accessed 20 Feb. 2019].
United Nations (2016) Report of the Conference of the Parties on its twenty-first session.
Available at: https://unfccc.int/resource/docs/2015/cop21/eng/10a01.pdf (Accessed: 4 June
2019).
Unruh, G.C., 2000. Understanding carbon lock-in. Energy Policy, 28:817-830
Unruh, G.C., 2002. Escaping carbon lock-in. Energy Policy, 30: 317-325
Vlap, H. et al. (2015) Power-to-Gas project in Rozenburg, The Netherlands (Report No.;
GCS.15.R24613, Rev. 0)
Vuuren, D. P. van et al. (2017) The Implications of The Paris Climate Agreement for the Dutch
Climate Policy Objectives. The Hague. Available at: www.pbl.nl/en (Accessed: 9 April 2019).
Winkler-Goldstein, R. and Rastetter, A. (2013) ‘Expert Views from Industry Power to Gas: The
Final Breakthrough for the Hydrogen Economy?’ doi: 10.1515/green-2013-0001.

60

10. Appendix
Scenario 1

61

62

Scenario 2

63

64

Scenario 3

65

66

Scenario 1 + HP

67

68

Scenario 2 + HP

69

70

BAU 2050

71

72

