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SUMMARY

The transition towards low-carbon and renewable urban heating systems is crucial for
the reduction of greenhouse gas emissions needed to mitigate global warming. In most
buildings in the Netherlands, space heating still relies on natural gas, contributing to
13% of the national greenhouse gas emissions. In the city of Amsterdam, various tech-
nological interventions are being implemented to facilitate a ‘Heat Transition’, including
the retrofitting of buildings, electrification of heating, and the implementation of heat
networks.

The Heat Transition does however not only involve material measures but shapes
and is shaped by different social, environmental and technological developments at
multiple scales. The aim of this thesis is therefore to provide research on the social-
environmental-technological transformations occurring at multiple scales due to the
transition towards low-carbon and renewable heating in Amsterdam. To do so, urban
heating infrastructures are taken as the unit of analysis to trace these changes across dif-
ferent scales. The scope of the studies presented in this thesis includes three themes:
water use, committed emissions, and energy justice.

The first theme, i.e. water use, is studied through a multi-scale energy and water use
model. The model is applied to multiple scenarios for electricity and thermal energy
production in 2050 in the Netherlands and the city of Amsterdam. Based on the mod-
elling results, it is concluded that, due to water withdrawal by Aquifer Thermal Energy
Storage (ATES) systems, national water withdrawal associated with heat production may
increase up to the same order of magnitude as the current national water withdrawals
for cooling processes in electricity production. The main type of water usage for energy
production may therefore shift from cooling practices to energy storage. Water use for
heating is hence a relevant topic to consider to avoid future water stress.

Studies on the water use for heat production should moreover encompass an area
beyond the local site of energy production to inform how water stress elsewhere can be
limited. The results show for example that the virtual water flows embedded in fuels,
such as biomass and hydrogen, are higher than the local water consumption for thermal
energy generation. A multi-scale assessment of water use for heat production may es-
pecially become more relevant, considering an increase in the electricity use for thermal
energy production. This increase is anticipated in all scenarios due to the electrification
of heating.

The second study highlights committed emissions as a key environmental indicator
for designing infrastructures under transition. The notion of committed emissions is de-
fined in this thesis as the cumulative carbon emissions over a specified future planning
period. This concept is important for designing heating systems which emit as little as
possible carbon emissions for the upcoming decades and thus optimally mitigate global
climate change. In this study, a bottom-up heat demand model, which estimates the
heat demand at building and neighbourhood levels, is integrated with a mixed-integer
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ii SUMMARY

nonlinear optimisation problem, targeted at minimising committed emissions between
2030 and 2050. It is shown that the modelled scenarios with the most ambitious mea-
sures for insulation of buildings and decarbonisation of electricity production can in-
crease the uptake of low temperature (LT) heating systems, significantly reducing com-
mitted emissions and the need for high temperature (HT) heating systems with natural
gas, biogas, or hydrogen. Moreover, the results show that the minimum heat density for
LT heat networks is not always achieved, creating risks for carbon lock-ins when apply-
ing these heat networks, i.e. locking out the potential for alternatives with lower carbon
intensities.

The third theme is energy justice. Through ethnographic research methods, the con-
nections between collective heating initiatives and concerns regarding energy justice
were studied. It is shown that energy justice concerns related to the transformation of ur-
ban heating systems in Amsterdam are present. Moreover, it is described how collective
heating initiatives contest the current logic of transitioning towards renewable heating
infrastructures, while simultaneously opening up and closing down spaces for different
actors to come together. It is argued in this thesis that conceptualising the activities of
these initiatives with the notion of ‘commoning practices’ supports the development of a
dynamic understanding of how energy justice is shaped in practice. This notion refers to
activities aimed at enhancing decision-making liberties, ownership, or responsibilities
over resources for a community of users.

The combination of the presented studies on these three themes provides a contri-
bution to multidisciplinary research on urban sustainability transitions. Methodolog-
ically, this thesis advances current nexus research through multi-scale assessment ap-
proaches and complements it with social science research methods. It is shown that pro-
viding these different perspectives together gives new insights into how a transition to-
wards low-carbon and renewable heating systems is interlinked with multiscalar social-
environmental-technological transformations. As such, this thesis provides an example
of multidisciplinary research on transformations, which can be applied in future trans-
formation research.



SAMENVATTING

Een transitie naar hernieuwbare stedelijke verwarmingssystemen met een lage CO2-
uitstoot is cruciaal voor het verminderen van broeikasgasemissies en dus voor het te-
gengaan van klimaatverandering. In de meeste gebouwen in Nederland wordt aardgas
nog steeds gebruikt voor het verwarmen van ruimtes en kraanwater. Hierdoor draagt
energieopwekking voor warmte in de gebouwde omgeving bij aan 13% van de nationale
broeikasgasemissies.

In de stad Amsterdam worden verschillende technologische maatregelen genomen
voor een ‘Warmtetransitie’ naar aardgasvrije, hernieuwbare warmtesystemen met een
lage CO2-uitstoot. Voorbeelden van deze maatregelen zijn: de renovatie van gebou-
wen, de implementatie van warmtenetten en de installatie van elektrische apparaten
die warmte kunnen opwekken. Deze Warmtetransitie bestaat echter niet alleen uit tech-
nologische veranderingen in de stad. Stedelijke transities gaan gepaard met maatschap-
pelijke, ecologische en technologische ontwikkelingen op lokale, landelijke en mondiale
schaal. Voor dit proefschrift is daarom onderzocht welke ontwikkelingen optreden bij
een transitie naar hernieuwbare stedelijke warmtesystemen met een lage CO2-uitstoot
in Amsterdam. Stedelijke infrastructuren voor het verwarmen van gebouwen zijn hier-
voor als analyse-eenheid genomen. Het onderzoek is hiervoor opgedeeld in drie thema’s,
namelijk watergebruik, committed emissions en energierechtvaardigheid.

Het eerste thema, watergebruik, is onderzocht met een model dat het energie- en
watergebruik op lokale, nationale en mondiale schaal berekent. Het model is toegepast
op verschillende scenario’s voor de opwekking van elektriciteit en warmte in Amster-
dam en Nederland in 2015 en in 2050. Uit de resultaten blijkt dat de nationale water-
onttrekking voor open warmte-koude-opslag systemen kan toenemen tot dezelfde orde
van grootte als de huidige nationale waterwinning voor koelprocessen bij elektriciteits-
productie. De wateronttrekking voor energieopslag kan daarom een relevante vorm van
watergebruik door de energiesector worden, naast de gangbare waterwinning van koel-
water bij elektriciteitscentrales. Watergebruik voor warmte kan daarom een belangrijk
onderwerp worden om waterschaarste te voorkomen.

Daarnaast zou onderzoek naar het watergebruik voor warmteproductie niet alleen
over lokaal watergebruik moeten gaan, om waterschaarste elders te voorkomen. Uit de
resultaten blijkt bijvoorbeeld dat de waterconsumptie voor de productie van brandstof-
fen zoals biomassa en waterstof groter is dan de lokale waterconsumptie bij warmte-
opwekking. Studies naar watergebruik voor warmteproductie op nationale en mondiale
schaal worden ook relevanter vanwege de verwachte toename van het elektriciteitsge-
bruik voor warmte-opwekking. Deze toename wordt in alle scenario’s verwacht door de
elektrificatie van warmtesystemen.

De tweede studie belicht committed emissions als een relevante criterium voor het
ontwerpen van duurzame infrastructuren tijdens transities. Het begrip ‘committed emis-
sions’ wordt in dit proefschrift gedefinieerd als de cumulatieve CO2-uitstoot over een
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afgebakende tijdsperiode. Dit concept is belangrijk voor het ontwerpen van verwar-
mingssystemen die voor de komende decenia zo weinig mogelijk CO2 uitstoten en dus
klimaatverandering zo goed mogelijk tegengaan. In deze studie werd een bottom-up
model, dat de warmtevraag op gebouw- en buurtniveau berekent, geïntegreerd met een
mixed-integer nonlinear optimisation problem. Het model is gebruikt om voor drie wij-
ken te berekenen welke mix van warmtetechnologieën een zo laag mogelijk hoeveelheid
committed emissions zal geven tussen 2030 en 2050. Zodoende werd in deze studie aan-
getoond dat ‘lage temperatuur’ (LT) verwarmingssystemen het meest geschikt zijn voor
het minimaliseren van committed emissions wanneer er ambitieuze maatregelen voor
de isolatie van gebouwen en voor de vermindering van de CO2-uitstoot voor elektrici-
teitsproductie toegepast worden. Voor het scenario met de meest ambitieuze doorvoe-
ring van deze maatregelen was er een vermindering van de committed emissions met
een tienvoud. Daarbij is er bij ambitieuzere scenarios minder afhankelijkheid op ‘hoge
temperatuur’ (HT) verwarmingssystemen die gebruikmaken van aardgas, biogas of wa-
terstof. Ook werd er aangetoond dat een ambitieus isolatieniveau ervoor kan zorgen dat
de warmtevraag in een wijk onder de minimale warmtedichtheid voor het effectief in-
zetten van LT warmtenetten kan komen. Bij deze systemen kan dus een carbon lock-in
ontstaan. Dit wil zeggen dat warmte-alternatieven met een lagere CO2-uitstoot gehin-
derd worden door al gedane investeringen in infrastructuur met een lange levensduur
en al bestaande sociaal-technische verhoudingen.

Het derde thema is energy justice, oftewel ‘energierechtvaardigheid’. Met etnogra-
fische onderzoeksmethoden werden verbanden tussen collectieve warmte-initiatieven
en zorgen over energierechtvaardigheid bestudeerd. Met de resultaten van deze studie
wordt beschreven dat er zorgen zijn over de Warmtetransitie in Amsterdam en energie-
rechtvaardigheid. Daarnaast wordt beschreven hoe collectieve warmte-initiatieven do-
minante redeneringen in de Warmtetransitie betwisten. Tegelijkertijd creëren ze ruimtes
voor verschillende partijen om samen te komen, maar verminderen ze potentiëel ook de
mogelijkheden tot inspraak voor anderen af. In deze studie worden de initiatieven gea-
nalyseerd met het concept ‘commoning practices’. Met dit concept wordt verwezen naar
activiteiten die gericht zijn op het versterken van de invloed, het eigendom en de verant-
woordelijkheid van een gemeenschap van gebruikers over een gegeven infrastructuur,
grondstof of hulpbron. In deze derde studie wordt beargumenteerd dat door het gebruik
van het concept commoning practices een beter begrip kan ontstaan over hoe energie-
rechtvaardigheid in de praktijk gevormd wordt.

De combinatie van de deze drie studies over deze thema’s draagt bij aan multidisci-
plinair onderzoek naar stedelijke duurzaamheidstransities. Methodologisch gezien vult
dit proefschrift het huidige nexus-onderzoek aan met kwantitatieve modellen over in-
teracties op lokale, nationale en mondiale schaal en met onderzoeksmethoden uit de
sociale wetenschappen. De combinatie van deze drie studies biedt meerdere perspec-
tieven op hoe een transitie naar hernieuwbare verwarmingssystemen met een lage CO2-
uitstoot samenhangt met maatschappelijke, ecologische en technologische transforma-
ties op zowel lokale als mondiale schaal. Dit proefschrift dient daarom als een voorbeeld
van multidisciplinair onderzoek naar transformaties.



POLICY AND PRACTICE

RECOMMENDATIONS

The transition towards low-carbon and renewable heating systems, i.e. the ‘Heat Tran-
sition’, is crucial for achieving climate change mitigation targets and reducing fossil fuel
consumption. As stated in the Dutch Energy Agreement, the government of the Nether-
lands targets to become ‘carbon neutral’ by 2050 (Ministry of Economic Affairs, 2016). The
changes in energy infrastructures that are needed to achieve this will not only affect car-
bon emissions, but also the ways in which energy carriers are distributed and spaces are
heated. In this thesis, the effects of the Heat Transition beyond the reduction of carbon
emissions are therefore analysed. More specifically, the effects of the Heat Transition on
water management, committed emissions and energy justice are discussed. It is proposed
that studies on these kinds of indicators are needed to design sustainable heating systems
in the built environment, which contribute to supporting human well-being while re-
maining within planetary boundaries (Raworth, 2017).

WATER USE

Water is needed for the supply of energy carriers, energy generation and energy storage.
Water is for example used for the production of biofuels, cooling processes at power
plants, and underground thermal energy storage. If not properly managed, the transition
to low-carbon heating systems could exacerbate water stress. The transition can also
be limited by water scarcity. Sustainable energy policies should therefore be based on
integrated assessments of future water use by energy systems. From our study on water
use for low-carbon and renewable heating systems we recommend that:

• The ecological impact of heat generation through water use should be incorpo-
rated into the sustainable design of energy systems and regulations. Water with-
drawal for electricity production decreases in scenarios in which thermal power
plants are replaced by wind and solar energy. More water withdrawal is however
expected for the supply of heat due to an increase in Aquifer Thermal Energy Stor-
age (ATES) systems and thermal energy extraction from surface water.

• It is important to consider the impact of urban heating systems on water use else-
where. The concept of virtual water flows stands for the indirect water use em-
bedded in fuels, such as biomass and hydrogen. We found that virtual water flows
are higher than the local operational water consumption for heating. This implies

The recommendations presented are an adaptation to the previously published full policy briefs Kaandorp
et al. (2021b) (in English) and Kaandorp et al. (2020) (in Dutch).
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that areas other than the local site of energy production are relevant for assess-
ments of water use for heat production. Considering the increased use of elec-
tricity for heating, the virtual water use embedded in electricity may especially
become more prominent.

COMMITTED EMISSIONS

Achieving net-zero carbon emissions by 2050 is not enough. To mitigate global climate
change, it is important to reduce the total sum of carbon emissions during the upcoming
years. The carbon emissions per heat technology may however change over the upcom-
ing years due to changes in heat demand and electricity production. We therefore looked
into the carbon emissions of different technologies over time, i.e. ‘committed emissions’.
From our study on committed emissions, we recommend that:

• The insulation of buildings is important for reducing thermal energy demand and
facilitating the implementation of low thermal heating technologies.

• Pathways for the retrofitting of buildings and the decarbonisation of electricity
generation need to be taken into account simultaneously when minimising com-
mitted emissions.

• A carbon lock-in can be created when investments are made in technologies that
will have a higher carbon intensity in the future than other technologies. A combi-
nation of different low-carbon and renewable heating systems such as low temper-
ature (LT) heat networks, hydrothermal energy, Power-to-Heat (P2H) applications,
and hybrid solutions can create adaptable heating systems and support avoiding
carbon lock-ins.

ENERGY JUSTICE

The transition towards renewable heating systems in the built environment can be seen
as an opportunity to address energy justice concerns. Collective heating initiatives are
envisioned to make positive contributions to neighbourhoods, because they can raise
attention for local issues and reshape current relations between citizen-led, public and
private parties. From our study on energy justice and collective heating initiatives, we
recommend that:

• Looking beyond the conventional roles of stakeholders can stimulate new valuable
partnerships, and promote citizen participation and supervision of private-public
governance arrangements.

• The sharing of success stories about collaboration, participation and co-creation
projects can help to support bottom-up initiatives.

• It should be considered how collective heating initiatives open up spaces for some
while closing down spaces for others to contest and reshape current energy justice
issues.







Introduction

This is a thesis about research on local solutions to global challenges. 
Current global challenges include climate change, biodiversity loss, resource 
depletion, land and ecosystem degradation, and increasing inequality of 
wealth. Since more than half of the people on this planet live in urban 
areas, solutions for (parts of) these problems are continuously created, 
proposed and incorporated in the urban context. However, as problems are 
often connected, solving one almost inevitably gives rise to another. To 
minimise negative effects, it is proposed in this thesis to analyse the 
potential impacts of urban transitions at multiple scales. This thesis is 
therefore a call for integrating multiscalar perspectives on the social, 
environmental and technological impacts of urban transitions for 
sustainability. The urban transition discussed in this thesis is the transition 
towards low-carbon and renewable urban heating systems in the capital of 
the Netherlands, the city of Amsterdam.

c.kaandorp.tudelft@gmail.com
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2 1. INTRODUCTION

1.1. THE NEED FOR A HEAT TRANSITION

1.1.1. MITIGATING GLOBAL CLIMATE CHANGE
Climate change gives rise to different weather patterns, increasing weather-related risks,
including floods, droughts and wildfires, sea level rise, ecosystem changes, threats to
various species from all kingdoms of life, and harming livelihoods (IPCC, 2022). An im-
portant way to mitigate global climate change is to reduce the emission of greenhouse
gases (IPCC, 2014a). These emissions are produced in multiple ways, such as during the
incineration of fuels in engines, methane emissions from livestock, subsiding wetlands
in the Netherlands (from lowering the water levels), or melting permafrost in Greenland
(Burke et al., 2012). These emissions accumulate in the atmosphere and ‘trap’ thermal
energy from the sun, in a similar fashion to glass construction of a greenhouse. There-
fore, the reduction of greenhouse gas emissions can effectively decrease the ‘greenhouse
effect’ and impede the rising average global temperature.

Globally, agreements and policies have been made to abate greenhouse gas emis-
sions and avoid global average temperature rise. One example is the Paris Agreement
which was adopted at the 2015 United Nations Climate Change Conference (UNFCCC,
2015). In this agreement, signing parties state an intention that “aims to strengthen the
global response to the threat of climate change, in the context of sustainable develop-
ment and efforts to eradicate poverty [...] Holding the increase in the global average tem-
perature to well below 2 °C above pre-industrial levels and pursuing efforts to limit the
temperature increase to 1.5 °C above pre-industrial levels, recognising that this would
significantly reduce the risks and impacts of climate change”. In these agreements and
policies, phrases such as ‘reduction of carbon emissions’, ‘low-carbon’, ‘net-zero’, or ‘de-
carbonisation’ are often used to refer to the reduction of greenhouse gas emissions. Car-
bon Dioxide (CO2) is one of the major anthropogenic greenhouse gases. In addition to
CO2, ambitions to abate climate change also include the reduction of other greenhouse
gases such as methane and NO2. Based on their global warming potential, greenhouse
gases can be expressed in carbon dioxide equivalent (CO2-eq). As such, the notion of
‘carbon emissions’ is used in this thesis to refer to greenhouse gas emissions expressed
in CO2-eq if not stated otherwise.

1.1.2. OPPORTUNITIES FOR CARBON EMISSION ABATEMENT FROM URBAN

HEATING SYSTEMS
A transition towards low-carbon urban heating systems provides relevant opportunities
for reducing global carbon emissions associated with human activities. In this thesis,
‘urban heating systems’ refer to an assemblage of physical elements, such as building
insulation, thermal energy generation and distribution technologies, but also the rules,
entities and practices which shape and operate these systems (see Section 2.2 for a defi-
nition of notion of assemblages). Globally, direct emissions for space and tap water heat-
ing in buildings accounted for 2486 Megaton CO2, i.e. 7% of global carbon emissions, in
2019 (IEA, 2022c,b). The total carbon emissions are even higher given that indirect emis-
sions occur at a global scale by the production and transportation of energy carriers such
as biomass, natural gas, and electricity. The carbon emissions associated with this sector
can however still be further reduced. In 2021, 64% of the global thermal energy demand
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Figure 1.1: The energy consumption in petajoules (PJ) for heating in the built environment in 2019 is about a
quarter of the final energy consumption in the Netherlands Segers et al. (2019).

for the built environment was still met with fossil fuels (IEA, 2022c), and 80% of the sold
space and tapwater heating appliances still operate on fossil fuels (IEA, 2021).

In the Netherlands, space and tap water heating for the built environment accounts
for almost a quarter of the national final energy consumption (Segers et al., 2020) (see
Figure 1.1). To compare, it is known that space heating for households, so not the total
built environment, accounted for 17% of the final energy consumption of the European
Union in 2020 (Eurostat, 2022). In the Netherlands, urban heating systems generate 13%
of the national greenhouse gas emissions (see Figure 1.2 for a comparison of greenhouse
gas emissions per sector) (Statistics Netherlands, 2023). There are opportunities to re-
duce the carbon intensity of urban heating, considering that most of the energy for space
and tap water heating for the built environment of the Netherlands, i.e. 85%, is generated
from natural gas (Segers et al., 2020; Statistics Netherlands, 2023). Consequently, the na-
tional government aims to eliminate the use of natural gas and simultaneously achieve
net zero emissions by 2050 (Ministry of Economic Affairs, 2016). Even more ambitious
is the city of Amsterdam, the capital of the Netherlands. The target of the city is to have
eliminated natural gas use for heating by 2040 and reduce carbon emissions by 95% with
respect to the emissions in 1990 by 2050 (Municipality of Amsterdam, 2019b). These ef-
forts for the implementation of low-carbon and renewable urban heating systems are in
this thesis referred to as the ‘Heat Transition’.

These ambitions to phase out the use of natural gas are not only based on the wish to
abate carbon emissions, but are also informed by the decision made by the Dutch Min-
ister of Economic Affairs and Climate in 2018 to cease withdrawing natural gas from the
reserves in the province of Groningen, due to local earthquakes that instigated protests
within that region (Wiebes, 2018). As such, a shift towards renewable heating can poten-
tially decrease international fuel dependency, air pollution, and depletion of fossil fuels.
In this way, multiple objectives are connected with political ambitions to phase out the
use of fossil fuels and reduce carbon emissions.

The decarbonisation of urban heating systems are challenging, considering that it re-
quires changes in natural-gas based heating systems, retrofits in existing building stock,
and consumer behaviour. Because space heating in the Netherlands is predominantly
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Figure 1.2: Emissions per sector in the Netherlands, expressed in terms of 109 CO2 equivalents. Data retrieved
from Statistics Netherlands (2023).

still produced with natural gas, efforts to shift towards renewable and low-carbon heat-
ing systems will cause technological, institutional and societal change ‘from one societal
regime or dynamic equilibrium to another’ (Hölscher et al., 2018, p.1). While transi-
tioning towards renewable and low-carbon heating systems, it is paramount to consider
potential causes for future carbon-intensive infrastructure to persist over time. Such a
‘carbon lock-in’ can occur due to the difficulties in changing energy infrastructures with
long life spans, building shells, institutional structures and behavioural patterns, cre-
ating a ‘carbon lock-in’, which ‘locks out’ lower-carbon alternatives (Seto et al., 2016;
Fisch-Romito et al., 2021; Erickson et al., 2015).

1.2. MULTISCALAR SOCIAL, ENVIRONMENTAL, AND TECHNICAL

TRANSFORMATIONS
A transition towards low-carbon and renewable urban heating systems requires a myr-
iad of technological changes in urban heating infrastructure. In short, carbon emissions
and fossil fuel use can be lowered by reducing energy demand through the insulation
of buildings, heat recovery, heat storage, and adaptations of heat delivery systems, such
as radiators and floor heating. Thermal energy is generated without fossil fuels when
energy carriers, such as electricity, biomass and hydrogen, are made with renewable en-
ergy sources. Alternatively, already available thermal energy sources, such as geothermal
wells, surface water, and residual heat from industry can be used to reduce carbon emis-
sions and fossil-fuel use (see Chapter 3 for an explanation of heating systems).

To support a transition with ‘desirable’ outcomes, it is important to not only perform
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Figure 1.3: Visualisation of a ‘safe and just’ operating space for humanity in the framework of the Doughnut
Economy made by Raworth (2017)

technical studies which enable the transition, but also to study how the transition im-
pacts the environment and human well-being at multiple spatial scales (Raworth, 2017).
Desirable outcomes are based on different values and intentions, such as reducing re-
source depletion, biodiversity loss, inequality and poverty. To structure and visualise a
set of possible intentions, a framework of a ‘safe and just’ operating space for humanity
developed by Raworth (2017) is presented in Figure 1.3. It is argued in Raworth (2017)
that a ‘safe and just’ operating space for humanity is one in which anthropogenic im-
pacts do not overshoot planetary boundaries, i.e. the environmental ceiling, and where
humans can live above the minimum of a social foundation (Raworth, 2017). Simi-
larly, Krueger et al. (2022, p.8) appraise viewing urban areas as interdependent social-
ecological-technological (SET) systems, i.e. coupled systems of the natural and built en-
vironment, governance systems, and urban communities, and propose an integrated,
cross-scale perspective on the governance of SET systems to better understand “what it
takes to overcome the SET system challenges associated with urban sustainability trans-
formations”. The notion of transformation refers to changes “in the fundamental at-
tributes of natural and human systems at multiple scales” (IPCC, 2022, p.7). The no-
tion of transformation therefore involves interacting human and biophysical elements
(Hölscher et al., 2018).
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1.2.1. IMPACTS ON PLANETARY BOUNDARIES
One indicator from the planetary boundaries model which is especially linked with en-
ergy production is water. In 2020, more than 90% of the electricity was generated by ei-
ther hydropower or thermal power plants (IEA, 2022a). Hydroelectric dams are notorious
for changing river flows and water quality, negatively affecting people and ecosystems
(Mekonnen and Hoekstra, 2012). It also happens that droughts cause hydropower plants
to curtail output (IEA and OECD, 2016). Moreover, thermoelectric plants with open-loop
cooling use surface water, influencing surface water temperature and therefore concen-
trations of oxygen, algae growth and life underwater (CBS et al., 2020). Cooling water
standards limit thermal pollution and harm to aquatic ecosystems, but limit electricity
production in hot and dry periods and therefore decrease energy security (King et al.,
2008). Van Vliet et al. (2016) estimated that both hydroelectric dams and thermoelec-
tric plants globally will have capacities limited due to reduced water availability and in-
creased water temperatures.

In the Netherlands specifically, more than 60% of the water withdrawal was done by
the energy sector in 2020 (CBS et al., 2022). This water was mainly used to cool (heat and)
power plants which operate on fossil fuels. Low-carbon energy technologies, such as
biofuels, concentrating solar power, carbon capture, and electrolysis for hydrogen pro-
duction require water to operate (IEA and OECD, 2016). For thermal energy generation
specifically, water is needed for energy storage, production of renewable energy carriers,
and, indirectly, generation of electricity for Power-to-Heat (P2H) applications. To secure
future energy production, reduce water stress, and limit environmental degradation, it is
therefore important to assess the impact of a transition towards low-carbon and renew-
able energy systems on water use.

Another environmental indicator is climate change, which, as discussed earlier, is
related to greenhouse gas emissions. Although multiple agreements are made to strive
towards net zero carbon emissions by 2050, it is important to design heating systems that
will not only emit net zero carbon emissions by 2050, but also base decisions on the car-
bon emission reduction potential for the upcoming years. According to the Intergovern-
mental Panel on Climate Change (IPCC), the maximum amount of carbon emissions that
can be emitted while remaining below 1.5°C or 2°C global warming above pre-industrial
levels is reached in the upcoming 10 or 25 years, respectively, if the current yearly quanti-
ties of carbon emissions are not reduced (IPCC, 2018). It is therefore important to aim for
immediate and structured carbon abatement during the upcoming years. Moreover, it
is important to not only have solutions which reduce local carbon emissions, but to find
solutions which contribute towards the lowest carbon emissions at a global scale. This
means that it is important to analyse the carbon emissions associated with different de-
carbonisation strategies. In this thesis, the notion of ‘committed emissions’ is used to
refer to the cumulative carbon emissions, including embedded emissions, emitted dur-
ing a given future planning period (Fisch-Romito et al., 2021; Davis et al., 2010).

1.2.2. IMPACTS ON HUMAN WELL-BEING
Energy systems “manifestly mould trans-local power geometries, forms of uneven de-
velopment, and structures of feeling more broadly” (Bouzarovski, 2022, p.755). The way
thermal energy is organised impacts energy poverty, building types, living comfort and
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distribution of resources. In other words, the ways in which thermal energy systems are
(re)organised influence human interactions and lived environments. Heating provides
shelter for outdoor cold, which is especially important in temperate and frigid climates.
Moreover, it is of great socio-cultural and physiological importance considering its role
in social life and cultural practices, such as entertaining guests, wintertime cosiness and
providing comfort (Itten et al., 2021). Heating can thus be seen as an element of the most
intimate places of human life.

Beyond the realm of the urban dwelling, energy can be viewed as a commodity or
a basic need, which influences what is being perceived as legitimate ways of organising
and supplying thermal energy. Moreover, the generation, distribution and consump-
tion of energy are based on different rules, norms and principles, including “wider racial
and post-colonial inequalities that underpin energy flows” (Bouzarovski, 2022, p.762).
The Heat Transition thus shapes and is shaped by diverse forms of unpaid and informal
labour (Bouzarovski, 2022). It does not only changes employment practices and urban
interactions between urban professionals, dwellers and governmental officials, but also
those of communities globally. At last, trade on energy carriers or materials for energy
production influences prices for natural resources globally.

One concept which has been used by researchers and activists to support human
well-being in relation to energy systems is energy justice. The concept of energy justice
has been used in literature to discern how injustices can be materialised and institution-
alised into social organisation. The notion of energy justice is related to the notion of en-
vironmental justice that came up in the 1970s to raise awareness about socially deprived
and ethnic minorities (McCauley et al., 2019). Energy justice is often discerned into the
three tenets of ‘distributional’, ‘recognition’ and ‘procedural’ justice (Heffron and Mc-
cauley, 2014). These tenets allow scholars to describe the unequal distribution of the
ills and benefits of energy systems, the missing recognition for certain groups and the
use of inequitable or discriminatory procedures. Energy justice can however also be dis-
cussed in the context of ‘the rules of the game’ that are embedded institutions. These
rules structure the actor’s behaviour and assessments of decisions and procedures con-
sidered ‘fair’, but also may give rise to contestation if societal actors come to dispute the
moral legitimacy of these rules (Pesch, 2021).

Another concept which has been used to describe these ‘rules of the game’, is the
(urban) commons. Traditionally the commons are used to describe (the management
of natural resources (Carrozza and Fantini, 2016). However, the understanding of what a
commons can refer to has broadened. Based on Feinberg et al. (2021), a commons can be
defined as a system consisting of shared material and symbolic resources with the char-
acteristic that their users have input in the management of resources, the institutions
binding them, and the associated processes. The ‘urban commons’ are characterised by
(parts of) its governance, production, and distribution of resources or infrastructure be-
ing performed by a group of users in an urban context. The urban commons in relation
to space heating can therefore not only refer to thermal energy sources, but also spaces
and tools to transform heating systems. Because the notion of the commons relates to
the role of users, research uses “the concept to analyse alternative forms of collective (re-
)production” (Becker et al., 2017, p.64). Especially in the case of urban energy systems,
the notion of the commons can enhance the analysis of “new grassroots energy initia-
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tives and the politics that unfold in remunicipalisation conflicts, offering a new avenue
for enriching research on the co-production of energy” (Becker et al., 2017, p.63).

1.2.3. MULTISCALAR IMPACTS
In order to contribute to ‘safe and just’ urban heating systems, it is important to note
that on the one hand side local heating systems shapes SET transformations at multi-
ple spatial scales, and on the other side is shaped by those transformations (Raworth,
2017). A Heat Transition shifts resource flows, land use, and chemical pollution globally.
Synergies, tensions and trade-offs between different resource flows happen at multiple
spatial scales, varying from the local to the global. Moreover, decision-making on en-
ergy systems takes place at different scales. Global views on resource management, for
example, integrated water management, influence how resources are managed locally.
Multi-level collaboration is needed to ensure a positive contribution to the environment
and human well-being from local, regional, and global supply chains for space heating.
Research targeted at supporting this positive contribution should thus be carried out
with methods for analysis suitable to generate information about the effects of urban
heating policies on multiple spatio-temporal scales. Additionally, to make sure that the
knowledge produced by models is actionable, it is important that information is gener-
ated at a decision-relevant scale.

1.3. THIS THESIS
The title of this thesis is ‘Transforming urban heating systems’. The title can be inter-
preted in three ways. First, it is argued in this thesis that urban heating systems in Ams-
terdam are transforming through multilevel and cross-scale processes, and can therefore
be considered to constitute a sustainability transformation (Olsson et al., 2014). Second,
it is explored how the Heat Transition is transforming SET systems at multiple scales.
Third, in Chapter 2 it is proposed to contextualise and politicise nexus studies by com-
plementing them with social science research methods to generate knowledge which
better contributes to transforming urban heating systems in a direction that supports
humanity to stay within a ‘safe and just’ operating space (Raworth, 2017). In other words,
the central question in this thesis is:

“What are social-environmental-technological transformations caused at multiple
scales by a transition towards low-carbon and renewable heating in Amsterdam?”

To narrow down this question, the main body of this thesis is divided into three separate
studies. These studies analyse the impacts of a transition towards low-carbon and re-
newable heating systems in Amsterdam on (i) water use, (ii) committed emissions, and
(iii) energy justice (see Chapters 4, 5, and 6 respectively). Subsequently, the research
methods and insights from these chapters are synthesised in Chapter 7. This synthesis
chapter is followed by an afterword reflecting on the context of the PhD project on which
this thesis is based. Before starting with the main body, more information is provided in
Chapters 2 and 3 on the methodology applied in this thesis together with its topic, i.e.
the Heat Transition in Amsterdam.
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2.1. NEXUS THINKING FOR ENVIRONMENTAL IMPACT ASSESS-
MENT

One research approach which is specifically aimed at the integrated analysis of biophys-
ical systems is ‘nexus’ research (Khan et al., 2022). The idea of the Water-Energy-Food
(WEF) Nexus has been developed during the last 15 years. It especially gained in popu-
larity with the World Economic Forums in 2008 and 2011, and the Bonn conference in
2011 where notions of growing risks for resource insecurity were prevailing (Hoff, 2011;
Al-Saidi and Elagib, 2017). The ‘nexus’, which can be translated from Latin to ‘that what
is bound together’, refers to interconnected resource systems (Khan et al., 2022). The
idea behind nexus research is to analyse interdependencies and interconnections be-
tween the management of different resources to help solve issues of resource scarcity
and environmental pollution. The emergence of the use of the nexus can be understood
with the increasing global science-policy trends on “integration as an ideal; an emphasis
on technical solutions to environmental problems; achievement of efficiency gains and
‘win-wins’; and a preference for technocratic forms of environmental managerialism”
(Cairns and Krzywoszynska, 2016, p.164).

One of the main ideas behind nexus thinking is thus to have an integrated perspec-
tive on resource use and flows critiquing traditional institutional distinctions between
such flows, and proposing alternative forms of how resources should be connected (Hoff,
2011; Williams et al., 2018). In other words, nexus research contests ‘siloed approaches’
(Hoff, 2011). The ‘silos’ or sectors, studied in nexus research include water, energy and
food, i.e. the WEF Nexus. Studies also exist adding waste, i.e. the FEW2 Nexus, including
the environment, i.e. the WEFE Nexus, or focusing on the interactions between climate,
land, energy, and water systems (CLEWs). Figure 2.1 shows themes occurring in WEF
Nexus research from a review on the Global Food-Energy-Water Nexus by D’Odorico
et al. (2018).

Being a young field, it does not yet have a wide consensus on an established common
set of concepts and methodologies applied (McGrane et al., 2018). Nevertheless, based
on a collaboration between 75 scientists, Khan et al. (2022, p.4) state that “the essence of
nexus studies is to try and capture the relevant trade-offs and feedbacks that may influ-
ence their outcomes”. Methods that are often applied in nexus research are those that en-
able tracking and managing the changes in resource availability, such as life cycle assess-
ment (LCA), footprint analysis, and material flow analysis (MFA) (Al-Saidi and Elagib,
2017). Systems thinking, which is also applied in the systems dynamic model in the ‘The
Limits to Growth’ report, is part of the heritage of nexus studies (Al-Saidi and Elagib,
2017). Al-Saidi and Elagib (2017) found that nexus studies, aimed at analysing the three
WEF sectors as one system, most often apply problem-focused, reductionist approaches
such as macro-level assessment with indicators and indices, integrated modelling, and
metabolism studies. Resource connections are most often conceptualised under the cat-
egories of tensions, trade-offs, maladaptations and synergies (Williams et al., 2018).

The knowledge paradigms behind these approaches share characteristics of logical
positivism or post-positivism. The prefix ‘logical’ refers to the aim to state scientific
knowledge in analytic statements. Analytic statements have a logical structure and the
meaning of individual concepts is clearly defined (Tijmstra and Boeije, 2011). The word
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Figure 2.1: Themes discussed in the Water-Energy-Food Nexus literature as visualised in a review on the Water-
Energy-Food Nexus made by D’Odorico et al. (2018)

positivism is etymologically related to the Latin verb ponere, i.e. “to put down". Posi-
tive knowledge is in this sense a posterior knowledge derived from sensory experience
through reason and logic. Whereas in positivism the belief is that the objective truth can
be reached through rigorous inquiry; post-positivists acknowledge that researchers are
biased by their background and prior experiences and thus more open to the possibility
that the conclusions reached might be wrong (Floden, 2009). It is discussed in the fol-
lowing Section how (post-)positive, problem-focused, reductionist research approaches
can fall short in solving real-world problems related to resource management.

2.2. POLITICISING NEXUS STUDIES
Infrastructures, such as heating systems, are connected, inherently interdependent, co-
produced and co-producing, and politically and materially contingent (Williams et al.,
2018). They mediate flows of resources, people and ideologies (Williams et al., 2018).
When infrastructures are not sufficient to fulfil human needs, new ways of collabora-
tion, sharing and solidarity are explored (Dalakoglou, 2016). Especially at times of dis-
ruptions, changes in infrastructures can be a source to learn about social structures and
political paradigms (Dalakoglou, 2016). In the next Chapter, in Section 3.2, it will, for
example, be discussed how the expansion for district heating has been hindered in the
20th century by existing rules on resource use for energy, interests in gas-revenues from
municipalities, and connotations between collective heating systems and communism.
Also, current efforts to abate natural gas use for heating can be seen as expressions of
concerns about climate change, geopolitical developments, and the destruction of habi-
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tats by resource extraction. Both in the past and the present moment, infrastructures are
thus important sites for political and social change (Monstadt and Coutard, 2019).

Recently, scholars such as Allouche et al. (2019); Williams et al. (2018); Scott et al.
(2011), have argued that the political nature of how resources are managed is not well
reflected in current nexus research. They argue that the ways of “knowing, represent-
ing, and intervening” in nexus studies are too reductionist and ‘techno-managerial’, and
therefore not appropriate to solve challenges concerning flows of resources (Allouche
et al., 2019; Williams et al., 2018; Wesselink et al., 2017, p.5). Dai et al. (2018, p.405) for
example state that “identification of stakeholders and their roles in governing the Water-
Energy nexus is often missing [...] making the potential use of the research results diffi-
cult to assess”. The term is also not always associated with ministerial priorities or legal
requirements which can lead to issues on problem ownership. There may therefore often
be barriers to translate nexus research into practice (Cairns and Krzywoszynska, 2016).

Additionally, Scott et al. (2011) argue that the focus on the ‘pumps and turbines’ cre-
ates a lack of insight into the political nature behind the systems interacting at different
scales. Methods such as LCA and footprint analysis decontextualise resource flows from
the sociopolitical context. In this way, problems such as resource scarcity seem to be
solvable by optimising efficiencies, improving technological systems, or changing poli-
cies. Challenges for sustainable resource management are however not merely shaped
by physical technologies, but also by economic feasibility, social organisation, and in-
dividual worldviews. So although the ideal of integration for sustainable resource man-
agement seems logical, it does not, according to Williams et al. (2018), provide direct so-
lutions for resource scarcity and sustainability, and is not sufficient to support decision-
making processes and the implementation of technical solutions (Allouche et al., 2019;
Dai et al., 2018; Williams et al., 2018).

But maybe more stringent, Williams et al. (2018, p.1) argue that “by conceptualis-
ing resource connections under the simple categories of tensions, trade-offs, maladap-
tations and synergies [...] nexus thinking reduces socio-material heterogeneity to a set
of manageable and depoliticising relationships”. In other words, studies formulated as
searches for technical solutions to natural resource scarcity can give the impression that
flows or resources and the study on these flows are ‘apolitical’ (Allouche et al., 2019).
Similar processes of quantification in socio-hydrology are described by Wesselink et al.
(2017, p.5) to “‘screen out’ pluralistic perspectives” and “obscure how power plays a role
in the status quo”. Narratives on resource management are however socially constructed
and the perception of problem boundaries, change processes, uncertainties, and incom-
mensurable value sets may differ (Patterson et al., 2017). Depicting a depoliticised pic-
ture of resource flows can thus distract from questioning current rationales and power
structures which support unsustainable practices. Williams et al. (2018, p.10) for ex-
ample argue that the language of “efficiency-through-integration” suggests a support
of market-environmentalist ideology, potentially promoting “expansionist consumption
by delivering cheap and abundant water and power”. Moreover, the term ‘nexus’ has
been criticised to be a buzzword, which is ambiguous in definition and carrying a nor-
mative resonance. This makes it “particularly susceptible to processes of ‘semantic ap-
propriation’ to suit particular agendas”, for example, of those of a managerial elite who
are capable of adapting to a fast-changing and exclusive vocabulary (Cairns and Krzy-
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woszynska, 2016, p.165).
A more political approach to resource flows can therefore be beneficial to understand

how the production of socio-biophysical landscapes takes shape and which alternative
ways of social innovation might be available for managing interventions (Wittmayer
et al., 2022). In other words, there is a need “for a more political understanding of ur-
ban infrastructural connectivities, one that emphasises the complex material and social
hybrid relationality and contingency that characterises the contested development of
the resource nexus” (Williams et al., 2018, p.9). That is to say, Williams et al. (2018) are
arguing for a research approach considering hybrid relationalities, similar to ‘political
ecology’.

To foster the analysis of this ‘social hybrid relationality’, ‘assemblage thinking’ can be
employed. The use of the interpretation of assemblage forwarded by Deleuze and Guat-
tari (1987) fosters a representation of ways in which humans and objects can be “un-
derstood in terms of the intensive environment in which they emerge” (McLean, 2017;
Dewsbury, 2011, p. 148). An assemblage consists of heterogeneous elements constantly
composted and entangled with other elements (McLean, 2017). These elements coexist
and shape each other continuously. Additionally. the notion of an assemblage therefore
refers to a historically contingent entity (Delanda, 2006), consists of subassemblages,
and is part of bigger assemblages. This thesis employs a lens informed by the notion of
assemblages to investigate the social-environmental-technological entanglements.

Moreover, this thesis, and especially Chapter 6, is influenced by a political ecology
approach. The research field of political ecology is diverse and the commonality be-
tween different studies is more the concern with environmental inequalities than through
a common analytical framework or theory (Wesselink et al., 2017, p.6). At the heart of
political ecology studies lie questions about power, situatedness and mutual interaction
between society and nature. Furthermore, political ecology scholars recognise that na-
ture and society do not exist separately. A variety of academic disciplines influence or
show similarities with political ecology research such as geography, anthropology, soci-
ology, political science, and (political) economy (Bryant and Bailey, 1997).

To motivate the methodological benefits of complementing or juxtaposing nexus
thinking with research approaches that include the political dimension, the discussion
on socio-hydrology and hydrosocial research from Wesselink et al. (2017) can be useful.
In both of these research disciplines the link between the social and the natural realms
are studied with a focus on water resources. Hydrosocial research is the study of human-
water systems as hydrosocial systems, and can be typified as falling into the categories
of human geography and political ecology. Within this field of research, the social and
the natural are seen as a hybrid and existing together. Taking such an approach opens
up space to not only study the impacts and relations between things, i.e. external re-
lations, but also how the properties constituting things emerge from the relations with
other things and phenomena, i.e. the internal relations (Wesselink et al., 2017). Cultural,
economic and political processes can for example be studied to describe how these pro-
cesses constitute social and cultural meanings of water, and how they result in different
relationships with water and choices for water management (Wesselink et al., 2017). No-
tions of resources, such as water, infrastructures or societal challenges are in this sense
not reduced to one definition, but seen as fluid and entangled with different processes.
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Matter of concerns are also not stable and the political aims of nexus research are
also fluid (Cairns and Krzywoszynska, 2016). Cairns and Krzywoszynska (2016, p.165)
therefore highlights “the importance of social science-led productive critique in devel-
oping nexus debates”. Just like nexus studies, hydrosocial research often has “an explicit
societal and therefore political goal (usually along the lines of improving sustainabil-
ity)” (Wesselink et al., 2017, p.8). This is a reason for hydrosocial researchers to often
provide a reflection on how and who the knowledge may serve (Wesselink et al., 2017).
Knowledge is not created in a vacuum but is situated in a political landscape while at
the same time shaping it. The position of different perspectives in hegemonic structures
influences what type of knowledge is deemed relevant and which type of knowledge is
not (Allouche et al., 2019). Scholars have for example argued that the visualisation of
the hydrological cycle is dominated with ideas fitting the historical and geographical cir-
cumstances of a dominant group of scholars situated in a northern temperate society
(Linton, 2008; Wesselink et al., 2017). Similarly, the notion of energy justice has been
critiqued to be too much relying on western theories (Sovacool et al., 2017).

In general, there are many elements that guide and drive research in different di-
rections. Who, for example, gets to do the research and who does not? How are the
researcher and research institute positioned in social structures? Which groups are be-
ing brought together? What is being problematised? What is being identified as a case
study? Which (popular) methods are being chosen? Who has access to new technolo-
gies? How much (monetary) resources are allocated for the project? Which scenarios are
being studied? Which research data can be accessed? Which results are being spread?
Which actors receive these results? How will the knowledge be used? What are the
impacts of proposed interventions? And who will benefit from the proposed changes?
This understanding of the contested nature of research is important because (academic)
knowledge does impact governance, resource management, and appraisal or marginali-
sation of ideas and resource use.

The need for reflection on the position of the researcher is however more common in
disciplines, such as political ecology and cultural anthropology, following a different re-
search paradigm than positivism. Following a textbook definition, the goal of researchers
in the tradition of interpretivism is to try to understand how experienced social realities
drive human actions (Tijmstra and Boeije, 2011). In other words, researchers following
this philosophical strand are “concerned with how the social world is interpreted, un-
derstood, experienced, produced or constituted” (Mason, 2002, p.3). They therefore col-
lect empirical evidence on lived experiences and intend to incorporate the concepts and
language of participants in the research (Tijmstra and Boeije, 2011). Clarification of con-
cepts and values from the researcher themselves is key in this type of research because
these shape the researcher’s perceptions of the social world that is being investigated
(Tijmstra and Boeije, 2011). Moreover, some (social science) research approaches do not
only intend to describe social realities but also to contest the status quo and empower
certain communities; for example through action research (Tijmstra and Boeije, 2011).
The community or intention of the researchers is therefore often reflected upon in the
studies.
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2.3. A MULTIDISCIPLINARY APPROACH TO INFRASTRUCTURES
In this thesis, it interrogated how social-environmental-technological changes are re-
lated to a Heat Transition in Amsterdam. In the previous subsections, it was discussed
how social science research approaches, such as political ecology, can enrich nexus re-
search by describing the socio-political context of resource use and flows (and the re-
search about them). However, it can additionally be argued that nexus studies are com-
plementary to these approaches. For example, one of the criticisms on hydrosocial re-
search has been that it provides too much attention to the theoretical positioning of the
research, resulting in a use of abstract concepts which may hinder people from outside
the field to engage with the research (Wesselink et al., 2017). Additionally, according to
Wesselink et al. (2017, p.7), “the natural system and the technical interventions are often
under-emphasized [in hydrosocial research]”. These two factors can lead to limited up-
take of the gained knowledge and therefore its translation into action. The focus on the
bio-physical elements of nexus studies can thus supplement research on socio-political
dimensions with information on natural systems and technical interventions. This the-
sis therefore presents a more ‘politicised’ approach to nexus studies by complementing
two studies on resource and environmental assessment indicators with a study using
ethnographic research methods.

The first study, presented in Chapter 4, employs a Water-Energy Nexus approach. It
presents an exploration of the interdependencies between water use and thermal energy
generation on the national and urban scales. As stated in the Introduction, water is an
indispensable resource for the generation and distribution of energy. Locally generated
energy does not only account for water use in the region of production, but generates
virtual water flows through trade in energy carriers and material use. For this study, a
multi-scale water and energy use model was hence built to analyse the changing water
use of the energy sector under different scenarios integrating more renewable energy
sources in 2050. According to Williams et al. (2018) little attention has been paid to nexus
interactions across national or administrative boundaries. With this multi-scale model,
the urban, national and global scales are considered and the study therefore goes beyond
administrative boundaries.

National and urban level assessments provide broad environmental, resource and
economic impacts of energy transition pathways. However, actual feasibility of specific
pathways requires a higher spatial resolution model - at neighbourhood to buildings
levels - to assess localised constraints and opportunities for incorporation of different
technologies. In the case of Amsterdam, Voskamp et al. (2018) performed a space-time
information analysis for identifying data gaps in urban metabolism studies for urban
planning practices. More specifically, they looked into information about water and en-
ergy flows. They found that current urban metabolism studies provide data on the city
level and at yearly time steps. However, most of the urban planners and decision-makers
interviewed needed information on higher spatio-temporal scales. The level of resolu-
tion needed, whether daily, weekly, household or district level, varied a lot and depended
on the intervention that was to be planned. A methodology supporting urban decision-
making on heating systems should therefore enable studies to provide information on
higher spatio-temporal resolutions than the urban scale and yearly time steps.

For the second study (see Chapter 5), advanced modelling techniques were hence
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developed for environmental impact assessments of urban heating systems, by increas-
ing the resolution from an urban to the neighbourhood and building scale. As discussed
in the Introduction, committed emissions are an important indicator to consider when
assessing the environmental impacts of the Heat Transition. A spatio-temporal optimi-
sation model is therefore built to find the technology mixes for space heating with the
lowest committed emissions under different scenarios. This model accounts for yearly
changes made in the decarbonisation of electricity production, head demand from the
building stock, and technological heat demand constraints at both the building and
neighbourhood levels. It therefore explores the link between the energy sector and envi-
ronment by considering carbon emissions.

The first two studies assess the different urban heating pathways and the technolo-
gies being considered for integration under different policy scenarios. To ‘politicise’
these studies, and place them in a socio-political context, a third study depicts a per-
spective on socio-political narratives linked to the Heat Transition in Amsterdam (see
Chapter 6). For this study, data was collected through ethnographic research methods
focusing on collective heating initiatives. Overall, this study depicts how the material
reality of urban heating infrastructure is intrinsically related to different ideas on energy
justice and the urban commons.

As such, the different approaches presented in this thesis are based on different knowl-
edge paradigms. These approaches hence differ in views on what can be known about
the world (epistemology), and what/how the collected knowledge should serve (axiol-
ogy) (Wesselink et al., 2017). The modelling approaches presented applied in Chapters 4
and 5 can be categorised as falling more in the tradition of post-positivism. This is be-
cause these studies present knowledge of modelled dependencies. This knowledge can
serve to be used as descriptive, quantitative data for people who want to perform ‘data-
based decision making’. The approach applied in the study in Chapter 6 shows similar-
ities with interpretivism. This study provides empirically obtained descriptive histories
that can be used as qualitative knowledge. Furthermore, this last study extends the ap-
plication of the concepts of ‘energy justice’, the ‘urban commons’ and ‘commoning prac-
tices’, which can serve to generate new views on ways of thinking, doing and organising
of space heating (Wittmayer et al., 2022).

By presenting these three studies together, the aim is to recognise the strengths of
different approaches to contribute to one goal, i.e. generating knowledge that supports
action towards satisfying human needs within planetary boundaries (Raworth, 2017).
The units of analysis in each study are urban heating infrastructures in Amsterdam. Fol-
lowing Bouzarovski (2022) and Williams et al. (2018), infrastructures are taken as unit of
analysis to conceptually connect socio-technical networks and natural resource flows
to political dynamics. This thesis is therefore a call for more multidisciplinary work
that combine quantitative modelling approaches with qualitative narratives on resource
management with infrastructures as unit of analysis.
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3.1. GEOGRAPHIC CONTEXT
Amsterdam is the capital of the Netherlands and located in Northwestern Europe. Nev-
ertheless, the Heat Transition in Amsterdam is interesting for cities all over the globe
because a range of changes are made to the organisation of urban energy infrastructures
and the implementation of heating and cooling technologies (Eggimann et al., 2020;
Honoré, 2018; Werner, 2017; Olsthoorn et al., 2016; N.V. Nederlandse Gasunie, 2018;
Hoogervorst, 2017). Dutch scenarios include a variety of low-carbon heating pathways
that are also applicable across Europe, such as electrification of heating, the applica-
tion of district heat networks supplied with the incineration of renewable energy car-
riers, and thermal energy storage (Honoré, 2018; Eggimann et al., 2020; Werner, 2017;
Olsthoorn et al., 2016; N.V. Nederlandse Gasunie, 2018; Hoogervorst, 2017). By consider-
ing a diverse variety of heating technologies, this approach enables a quantitative analy-
sis of the social-environmental impacts of different heating technologies. Moreover, the
future heating scenarios for the Netherlands are starkly different from the current, nat-
ural gas dominated, energy mix. The national plan to provide ‘natural gas-free’ (Dutch:
aardgasvrij) heating by 2050 Ministry of Economic Affairs (2016) motivates an integrated
analysis of transitional, socio-environmental, impacts of CO2 mitigating infrastructure
choices.

In the first two studies presented in this thesis, the assessed impacts of a Heat Tran-
sition on water use and committed emissions are presented. With current climatic and
demographic developments, both studies are relevant. First, when the national fresh-
water shortages caused by increasing droughts and desalinisation of coastal regions are
considered, it becomes clear that research on the water withdrawal by the energy sector
is very relevant for the Netherlands and other nations that need to address the potential
compounding impacts of new infrastructures on climate-driven water scarcity (KNMI,
2018). The Netherlands has a temperate maritime climate, characterised by mild sum-
mers and cool winters. The average yearly temperature between 1981 and 2010 was
10.2°C (KNMI, 2018). This is 0.8°C warmer than the average yearly temperature mea-
sured between 1951 and 1980 (KNMI, 2018). Overall, an increase in the average yearly
temperature of 1.6°C has been measured between 1950 and 2015 (KNMI, 2018). The
Netherlands experienced milder winters due to a higher occurrence of wind blowing
from the sea towards the land, and warmer summers due to the increase in sunshine. An
increase in average temperature does not only increase the likelihood of days without
frosts or days with the temperature reaching above 25°C. It also contributes to droughts,
sea level rise and increased salt intrusion. These changes contribute to shifts in surface
water temperature and nutrient concentration (PBL, 2012). The average yearly rainfall
increased from 769 millimetres in 1901 to 933 millimetres in 2010. During summers,
the number of rainy days is expected to decrease, which may lead to further precipita-
tion deficits (ibid). Higher rainfall, additionally, seems to occur in urban regions of the
Netherlands. Possible explanations are the warmer air temperatures in these regions are
their location close to the sea.

Second, the number of inhabitants in the city of Amsterdam is growing, leading to an
increased need for a rapid implementation of low-carbon and renewable urban heating
systems. The number of inhabitants in the city was 882 633 on 1 January 2022 (CBS,
2022b). This increased to approximately 903 thousand inhabitants with the addition of
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the ‘Weesp’ region to the municipality on 24 March 2022. With this addition, the surface
of the municipality is almost 19 thousand hectares (CBS, 2022a). The prognosis is that
in 2050 the population of the city of Amsterdam will have grown to 1 070 000 inhabitants
(Smits, 2022). To accommodate these inhabitants, 114 000 extra houses are expected to
be built between 2022 and 2050 (Smits, 2022). Besides residential areas, the Amsterdam
Metropolitan Area also houses a financial district, two airports, a seaport and clusters of
companies in the creative industries, which also influence the heat demand of the city.

3.2. HISTORY OF URBAN HEATING SYSTEMS IN THE NETHER-
LANDS

In order to better the understanding the current ways in which space and tap water heat-
ing is organised in the city of Amsterdam and the energy justice perspectives raised in
Chapter 6, it can serve to understand the history of urban heating systems in the Nether-
lands. As stated in the Introduction most of the thermal energy for space and tap water
heating in the built environment of the Netherlands is generated with natural gas (Segers
et al., 2020). In order to understand how this became the most dominantly used energy
carrier for heating, a summary of the history of natural gas use in the Netherlands based
on Raven and Verbong (2007) is given in this paragraph. In 1959, large reserves of nat-
ural gas were found in the Netherlands by the Dutch oil company the NAM (short for
Nederlandse Aardolie Maatschappij) after which there was a nationwide expansion of
the natural gas transport and the distribution grid. This grid was partially built upon ex-
isting infrastructure for coal gas. A private-public partnership was established between
Esso, Shell and DSM (Dutch State Mines), called the Gasunie (translation: gas union).
The NAM would produce the gas after which it was transported by the Gasunie to exist-
ing gas distribution companies, large industries and to large consumers abroad. From
the 1960s central heating with gas replaced traditional stoves which mostly incinerated
solid energy carriers such as coal (and to a lesser extent peat and wood). Later on, with
the oil crisis and the rise of environmental concerns in the 1970s, natural gas became
considered a strategic fuel for the future and was therefore only allowed to be used for
‘high-grade applications’ which were mainly domestic heating and cooking.

A history of heat networks in the Netherlands is also discussed in Raven and Verbong
(2007) and summarised in the following. Heat networks, sometimes called district heat-
ing, are systems of pipelines that transport hot liquids (or steam). Two district heating
systems were already established in Utrecht and Rotterdam in the years 1923 and 1949
respectively. Between 1920 and 1940 collective heating systems on building blocks ap-
peared. The city of Amsterdam was the only city in the country with the application
of district heating at this scale. No new systems in the Netherlands were however con-
structed in the 1950s and 1960s. In 1974, the Dutch government created a committee
to investigate the prospects of district heating. Sixteen district heating plants were built
and no district heating plants were constructed after 1983 till the mid-1990s, when heat
networks were built in large house expansion projects, also known as Vinex locations.

The uptake of district heating has been different in multiple regions in Europe. Coun-
tries as Denmark, Sweden and Poland have high implementation rates of district heat-
ing in buildings around and above 50% (Werner, 2017). In the Netherlands, less than 5%
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of the heating in the built environment in 2019 was delivered by heat networks (Segers
et al., 2020). Raven and Verbong (2007) mention four reasons for this limited uptake of
district heating in the 20th century.

First, municipalities often owned local gas distribution companies. The profits of
these companies were used to finance municipal facilities such as swimming pools and
sports centres, leaving fewer financial means to invest in district heating infrastructure.
District heating infrastructures were therefore more often established by regional elec-
tricity companies, which were mostly owned by the provinces. The result of this was
that district heating infrastructures became an alternative for space heating and there-
fore provided competition for municipal gas companies, which led to resistance from
the municipality.

The second reason mentioned is that there was a dislike for district heating. This dis-
like can be explained by a general aversion to collective services because these services
were connected to communism (Van Overbeeke, 2001).

Third, households connected to district heating often needed electric cooking to
avoid being dependable on more than two energy sources, i.e. district heating for heat,
electricity for light and gas for cooking. In 1920, already a major part of the inhabitants of
Amsterdam people cooked on gas and used electricity for lighting. This was in line with
the policy of the Minister of Agriculture, Industry and Commerce in May 2017 which
was aimed at the most efficient energy use (so electricity for lighting, gas for cooking,
and solid energy carriers for space heating) (Schippers et al., 2020). There was resistance
against electric cooking because users were not familiar with this. Dutch consumers,
therefore, showed a preference for individual heating systems on gas.

Fourth, district heating companies had multiple financial challenges. They took over
the tariff structure of natural gas supply which did not reflect the actual cost structure
of heat supply, i.e. high capital costs and low energy costs instead of low fixed costs and
large variable costs. Moreover, the heat demand turned out to be lower than expected
due to the construction of smaller houses, delays in house-building programmes, and a
successful national programme for house insulation. This led to more than 130 million
euros of cumulative losses for district heating projects in 1989. The Dutch government
did decide to financially support the district heating companies with 45 million euros
which prevented bankruptcy for some companies.

Nevertheless, in 2020 more than 15% of the heat demand in the built environment
in Amsterdam was delivered by one of the two major high temperature heat networks
(Municipality of Amsterdam, 2020b). These two networks were both connected in 2020
(Vattenfall, 2022). One network is owned by the Swedish multinational energy company
Vattenfall, and delivers thermal energy which is mostly generated at a gas-fired CHP
(Segers et al., 2020). The other heat network is used by the heat company called ‘West-
poort Warmte’ (Dutch for ‘Westpoort Heat’) to deliver thermal energy. This company
is a joint venture between the waste-to-energy company ‘AEB’ (Dutch abbreviation for
Afval Energie Bedrijf ), which is owned by the municipality of Amsterdam, and the com-
pany Vattenfall (Segers et al., 2020). These systems also include natural gas-fuelled heat
boilers to ensure heat supply at peak demand.

Next to bigger energy companies, many other smaller companies are involved to the
heat transition in Amsterdam, such consultancies, contractors, and technological, com-
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munication, or installation companies. Moreover, there are non-profit organisations,
such as seven energy cooperatives in the city. At last, owner, tenant and neighbourhood
associations organise themselves to decide on how to reduce natural gas use for heating.

3.3. TECHNOLOGICAL MEASURES FOR THE DECARBONISATION

OF SPACE HEATING
The technological changes for the decarbonisation of urban heating systems can be
made on both the heat demand and supply side. The heat demand of a building can
be reduced technically by the insulation of the building envelope, including the floor,
roof, walls and windows. Other measures that can be taken to keep more thermal energy
inside the building, are energy recovery, energy recovery ventilation, draft strips, radia-
tor reflector, and window coverings. At last, the heat distribution systems in buildings
can be adapted by changing the temperature of the distributed water in central heating
systems, updating radiators or installing floor heating systems.

On the supply side, a plurality of alternatives to the natural gas heat boilers for “has-
tening, retarding, redirecting, collecting, converting, or producing thermal energy ” exist
(Oppermann and Walker, 2019, p.129). No system is yet to be considered as a one-size-
fits-all solution in Amsterdam because of the great diversity in housing types, building
infrastructures and spatial availability of heat sources. Multiple studies have been per-
formed to determine the heat options that are most preferable to achieve low-carbon
and renewable heating systems on the neighbourhood level (e.g. Van den Dobbelsteen
et al. (2020), PBL (2021), Schepers and Meyer (2017), and Municipality of Amsterdam
(2020b)). Due to the application of different models and design criteria, varying techno-
logical interventions have been recommended by these studies.

In one study, the municipality of Amsterdam has screened which heat sources are
affordable and can be available per neighbourhood (Municipality of Amsterdam, 2020b).
They have presented the outcomes of this study in Transition Vision Heating (Dutch:
Transitievisie Warmte) employing a map. A translated version of this map is presented
in Figure 3.1. The city of Amsterdam expects that the urban heating infrastructure in the
city in 2040 will consist of 50-60% of mid temperature (MT) and high temperature (HT)
heat networks, 35-40% of all-electric solutions in combination with low temperature (LT)
and very low temperature heat networks, and 15% on hybrid solutions Municipality of
Amsterdam (2020b).

Following the thermal regimes defined by the Municipality of Amsterdam in (Munic-
ipality of Amsterdam, 2019a), HT heat networks are district heating systems supplying
thermal energy above 90°C. MT heat networks transport water at 70°C. Examples of
thermal energy sources for HT and MT heat networks are Combined Heat and Power
(CHP) plants, industrial-sized heaters, electric boilers, residual waste from industry, and
geothermal energy. The latter refers to sources that tap into the Earth’s sub-surface
geothermal heat sources. The multiple advantages of current HT strategies are: sup-
ply can always be ramped up to match demand with the combustion of fuels, control
of the system is centralised, existing business models can be applied and costs can be
limited for building owners because no insulation measures are required at the building
level. The disadvantages of HT district heating are that in the long run, drawbacks may
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District heating
Between 2020 and 2030 District heating: phasing
out of natural gas
Between 2022 and 2032 District heating: phasing
out of natural gas
From 2030 District heating: start phase out
Already (almost) completely connected to district
heating

Local heat networks
Between 2020 and 2032 Local heat networks and 
district heating: gradual decrease 
Between 2020 and 2040 Local heat networks: 
gradual decrease of natural  gas use

All Electric
Between 2020 and 2040 All Electric: gradual 
decrease of natural gas use

Gaseous renewable energy carriers
Till 2040 Gaseous renewable carriers: gradual 
decrease of natural gas use till 30%

Newly built and transformation areas: follows 
phasing of area development
Mostly undeveloped areas

Significant part of cooking still with natural gas

CityDeal-neighbourhoods and private initiatives

Figure 3.1: Map of envisioned distribution of heating systems in the city of Amsterdam. Edited and translated
from the ‘Transition vision for Heat’ (Municipality of Amsterdam, 2020b).

occur. The costs for heating in non-retrofitted buildings can be higher than after insula-
tion. This is because the demand for heat is and remains higher. In addition, there is no
certainty about the future availability of high-temperature heat sources in Amsterdam
that do not depend on the combustion of energy carriers. In Amsterdam, there are plans
to feed the heat networks with the combustion of biomass and the heat from geother-
mal energy (Municipality of Amsterdam, 2020b). It is however not yet known whether
geothermal energy sources are suited for development in Amsterdam (Municipality of
Amsterdam, 2020b). The HT heating infrastructure that is now being laid out may there-
fore still cause CO2 emissions related to the combustion of energy carriers in the coming
decades (Maselis and Hisschemöller, 2018). Alternatively, LT heat networks distribute
water at 40°C. ‘Very low temperature’ heat networks also exist, transporting water at
temperatures below 20°C. The advantage of heating systems operating at lower thermal
regimes is that more local, low-carbon, thermal energy sources can be used. Examples of
such sources are ambient heat from surface water or air, solar energy collected with solar
boilers, and residual heat from data centres or wastewater. In this thesis, thermal energy
from surface water is referred to as hydrothermal energy. These heat networks operating
at very low temperatures can be designed for both heating and cooling purposes (Buffa
et al., 2019).

To facilitate the use of these thermal energy sources, ensure reliability, and increase
efficiency, heat networks can be integrated with thermal energy storage. One form of
thermal energy storage is Underground Thermal Energy Storage (UTES). Most UTES
systems are designed with a ‘heat’ and ‘cold’ well. In this way, both heat and cold can
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Summer Winter

Figure 3.2: Seasonal thermal energy storage for heating and cooling. Edited picture from Waternet (2020);
Ramaker (2020)

be provided in different seasons (see Figure 3.2). UTES systems can be open systems,
called Aquifer Thermal Energy Storage (ATES), and closed systems, referred to as Bore-
hole Thermal Energy Storage (BTES) (Pellegrini et al., 2019). The use of cooling is impor-
tant in the future when temperatures rise due to global climate change and urban heat
islands. UTES systems are often used for small heat networks at the building or neigh-
bourhood scale. Heat pumps play an important role in the transfer of thermal energy,
within and between heat networks (operating at different thermal regimes), the opera-
tion of UTES systems, or direct heating of indoor spaces by extracting thermal energy
from the ground, air or water bodies.

The integration of heat pumps in heating systems is an example of the electrifica-
tion of heating. Scholars argue that electrification of heating is an important part of
the decarbonisation of heating (Thomaßen et al., 2021; Eggimann et al., 2020; Eyre and
Baruah, 2015). Electrification of heating includes the (partial) replacement of gas boil-
ers with electric heat generation technologies. These ‘all-electric’ or P2H solutions are
technologies that generate heat using electricity. More examples of such electric heat
generation technologies include infrared panels and electric boilers. A consequence of
the electrification of heating is the need to reinforce the electricity grid (Andersen et al.,
2017; Eggimann et al., 2020). In the future, the electricity network is expected to be more
heavily burdened by electric heating technologies. This means that (peak) electricity
consumption will increase and the electricity network may need to be reinforced. The
use of hybrid solutions can be applied to limit the burden on the electricity grid. In the
Dutch context, hybrid solutions often refer to the use of low-carbon heating alternatives,
such as heat pumps, to supply base load heat and the incineration of gas to cover the
peak demand.
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ABSTRACT CHAPTER 4: ‘THE WATER USE OF HEATING PATHWAYS TO 2050: ANALYSIS OF

NATIONAL AND URBAN ENERGY SCENARIOS’
Sustainable energy systems can only be achieved when reducing both carbon emissions
and water use for energy generation. Although the water use for electricity generation
has been well studied, integrated assessments of the water use by low-carbon heating
systems are lacking. In this chapter, a Water-Energy Nexus approach is therefore em-
ployed to interrogate the interdependencies between water use and thermal energy gen-
eration. An analysis of the water use scenarios for heat and electricity production for
the year 2050 for the Netherlands and its capital, Amsterdam, is presented. The analysis
shows that (i) the water withdrawal for heating can increase up to the same order of mag-
nitude as the current water withdrawal of thermoelectric plants due to the use of Aquifer
Thermal Energy Storage (ATES), (ii) the virtual water use for heating can become higher
than the operational water consumption for heating, and (iii) the water use for electric-
ity production becomes a relevant indicator for the virtual water use for heat generation
due to the increase of Power-to-Heat applications.

Keywords: low-carbon heating pathways, water-energy nexus, water withdrawal, wa-
ter consumption, water footprint, Power-to-Heat, and multi-scale energy and water use
model.

This chapter is based on the text in Kaandorp et al. (2021a). The workbook used for this study can be found at
the 4TU data repository (Kaandorp et al., 2023a).
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4.1. INTRODUCTION
The current body of scientific literature on water use by the energy sector mostly covers
the topics of water use for electricity generation and fuel production (Hoff, 2011; Endo
et al., 2016; D’Odorico et al., 2018). Studies have aimed to collect data on the water foot-
print of electricity production (e.g. Macknick et al. (2012) and Meldrum et al. (2013),
and Spang et al. (2014)) or energy crop production (e.g. Gerbens-Leenes et al. (2009)).
These data have been used to assess the current and future water use of electricity pro-
duction (Byers et al., 2014; Rio Carrillo and Frei, 2009). The consumptive water use of
heat production has been assessed for the years 2000 and 2012 on a global scale, show-
ing a growth in water use for heating mainly driven by increases in the use of firewood
(Mekonnen et al., 2015). No study, to the author’s knowledge, has however analysed how
a mix of decarbonisation strategies would affect different types of water use for heat-
ing. Consequently, these studies offer a too narrow depiction of water use for future heat
generation.

In this chapter, this knowledge gap is filled by presenting a integrative assessment
of the water use of future heating pathways, including the impact of electrification of
heating. To do so, a multi-scale energy and water use model was developed and used to
comparatively assess the energy scenarios for the Netherlands and its capital, Amster-
dam for the years 2015 and 2050.

4.2. METHODS

4.2.1. MULTI-SCALE ENERGY AND WATER USE MODELLING FRAMEWORK
In order to model the water use of heating in an integrated way, (see Figure 4.1). The
operational water use is the water used at the location of energy generation whereas
virtual water flows can come from elsewhere. A model which accounts for water uses at
global, national and urban scales is therefore developed .

The operational water use includes both water withdrawal and water consumption.
Water withdrawal refers to the abstraction of water from ground and surface water sources
(IEA and OECD, 2016). The amount of water which is not discharged back into a water
body is called water consumption. The water withdrawal and consumption rates for
power plants were collected from literature (see supplementary material, Tables A.1 and
A.2). The water use values mentioned in literature for thermoelectric power plants can
vary significantly, but a mean value is often given. Research shows that using the median
values for modelling the water withdrawal and consumption for thermoelectric plants
in European countries gives results that correspond reasonably well to water withdrawal
and consumption reported in national statistics (Larsen and Drews, 2019).

The water withdrawal rates for heating systems, excluding combined heat and power
CHP plants, are based on the calculations given in Table A.3 of the supplementary ma-
terial. For these heating systems, heat is extracted from geothermal and hydrothermal
energy sources, or UTES systems (see Section 3.3 for an explanation of these heating sys-
tems). The water withdrawal needed to extract heat from these sources depends on the
temperature difference between the water that is extracted and discharged back into the
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Figure 4.1: Conceptual visualisation of multi-scale water and energy use model that allows the delineation of
localised operational water use and virtual water use through energy carriers. In the model, it assumed that
the electricity needed for P2H applications on an urban scale is withdrawn from the national power grid.
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heat source. This withdrawal volume is expressed by the equation:

V = J ext

∆T ·C water
, (4.1)

where V is the volume of water extracted, J ext denotes the energy extracted from the
volume of water,∆T denotes the difference in temperature of the volume of water before
and after heat extraction, and Cwater is the volumetric heat capacity of the water (RVO
and CBS, 2015). The volumetric heat capacity in the model is set equal to the volumetric
heat capacity of freshwater (Cwater = 4.182 MJ / Km3). In the case of hydrothermal energy,
also brackish or salt water could be used. Salt water has a lower heat capacity, which
would result in a higher volume of water withdrawal. For heat extraction from UTES
systems and surface water, a ∆T of 4°C was chosen, based on the average ∆T given by
national statistics (RVO and CBS, 2015). For geothermal energy, ∆T was set equal to
40°C (Ree and Kelfkens, 2019). The water consumption for these heat technologies is
set equal to zero, since water is not consumed per se but is returned to the source at a
different temperature.

The virtual water use of energy carriers in this work refers to the volume of water
required to produce fuels and electricity (Allan, 2003). The virtual water use of fuels
(VWfuel), i.e. combustibles and nuclear materials, was determined from water footprint
(WF) data in the literature. The WF of a product, such as an energy carrier, is the “volume
of freshwater used to produce the product", measured over its full supply chain (Hoek-
stra et al., 2011). The values used for different carriers can be found in Figure 4.2 and
Table A.5 of the supplementary material. The WF values of fuels chosen in the main
analysis and discussion are on the lower end of the WF values from the literature. As
such, these values serve to analyse how the substitution of fossil fuels by renewable en-
ergy carriers may affect the water use of the energy sector, starting from the least impact.
The VWfuel per scenario was modelled by multiplying the amount of energy produced
by the given technologies, the Energy Required for Energy (ERE) values, and the WF per
unit energy of the used energy carrier (see supplementary material, Tables A.4 and A.5).
The ERE value stands for the amount of energy from an energy carrier needed to pro-
duce one unit of energy (Mekonnen et al., 2015). It therefore corresponds to the heat
value and heat rate of an energy carrier for heat and electricity production respectively.
For the case of technologies that use ‘gas’, it is assumed that gas is supplied through the
national gas grid. The grid is assumed to supply a mix of natural gas and biogas and the
mix is different per scenario. The ratios between natural gas and biogas in the mix are
given in Table A.6 of the supplementary material.

Only for the energy carrier electricity, the virtual water use was determined in a dif-
ferent manner. With electrification of heating, the water used for electricity production
is concurrently used for heating purposes through P2H. It can therefore be argued that
the virtual water use of electricity (VWP2H) should not be overlooked in an integrated as-
sessment of the water use for future heating pathways. The VWP2H of heating appliances
on an urban scale was determined by scaling down the water use for generating electric-
ity on a national scale (see Figure 4.1). This is because it was assumed that electricity
needed for heat generation on an urban scale is extracted from the national grid and
therefore depends on the national electricity mix. The water use for electricity produc-
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Figure 4.2: Water footprint of fuels. Range of values found in literature for the water footprint of fuels. The dot
depicts the value chosen.

tion on the national scale is modelled in terms of water withdrawal, water consumption
and VWfuel. In this chapter, the VWP2H is expressed in these three types of water use.

In order to calculate the electricity demand for P2H applications it was assumed that
all heat pumps in the technology mixes would be electrified. This assumption is can
be argued to be reasonable for the 2050 scenarios, where heat pumps are not expected
to be fuelled by gas because of Dutch political ambitions to reduce the use of natural
gas (Ministry of Economic Affairs, 2016).

4.2.2. FUTURE HEATING PATHWAYS FOR THE NETHERLANDS AND THE CITY

OF AMSTERDAM
In order to study the potential change in the water use of the national energy sector, four
major energy scenarios for 2050 are compared with the technology mixes for heat and
electricity production in 2015 (see Figure 4.3). The year 2015 is chosen as reference year
because, at the time of this study, this year was the most recent year for which national
statistics existed on water withdrawal from the electricity sector and Underground Ther-
mal Energy Storage (UTES) systems. The year 2050 is chosen because the Netherlands
has committed to phasing out fossil fuels and achieving a 95% emissions reduction by
this year (compared to emission levels in 1990) (Ministry of Economic Affairs, 2016).

The 2050 scenarios are based on the four major scenarios laid out by the main Dutch
network operators in an integrated infrastructure exploration of possible low-carbon en-
ergy systems adhering to the Dutch Climate Agreement (Den Ouden et al., 2020; Govern-
ment of the Netherlands, 2019). The interpretation of these qualitative scenarios to spe-
cific technology mixes is inspired by the technology mixes given by the Energy Transition
Model (ETM, 2020). As the report states (Den Ouden et al., 2020), the scenarios are not
representative of the future energy system of the Netherlands, but rather typify extrem-
ities of different transition pathways and associated the possible technology mixes. The
scenarios are therefore suitable for accessing the different potential impacts of a heat
transition on the water use of the energy sector.
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Figure 4.3: Technology mixes for (a) heat and (b) electricity generation in the Netherlands in 2015 and in four
major scenarios for 2050. The amount of energy generated per scenario is presented in units of exajoules in the
middle of the doughnut diagrams. Abbreviations: ATES = Aquifer Thermal Energy Storage, BTES = Borehole
Thermal Energy Storage, CC = Combined Cycle, CHP = Combined Heat and Power, DH = District Heating, GM
= Gas Motor, GT = Gas Turbine, PV = Photo-voltaic, ST = Steam Turbine.

The labels of the scenarios refer to the conceptual ‘governance structures’, i.e. socio-
economic drivers for shaping low-carbon energy systems defined in the report on climate-
neutral energy scenarios (Den Ouden et al., 2020). The ‘International’ scenario is mostly
driven by an international energy market leading to more import of hydrogen compared
to the other scenarios. The ‘European’ scenario is driven by European taxes on CO2

emissions on all sectors, import duties at the European border and subsidies for rele-
vant sectors. This scenario may be more effective than the current EU Emission Trading
System because it covers all sectors (Zhu et al., 2019). The tax rates increase towards
the year 2050 and will lead to more import of energy in the Netherlands. The strate-
gies characterising this scenario are carbon capture and storage and hybrid electrifica-
tion. With hybrid electrification, conventional combustion technologies are partially re-
placed by electric solutions. The main driver in the ‘National’ and ‘Regional’ scenarios
is self-sufficiency on the national and regional levels; the term ‘Regional’ here refers to
a scenario where the Dutch government gives control of the energy transition largely to
sub-national regional government bodies. Given the climate and geography of the coun-
try, this leads to higher capacities in wind and solar energy combined with electrification
of heating in the National scenario. Similarly, the Regional scenario is characterised by
more electrification of heating, and the use of geothermal energy for heat networks. The
report describes that citizens have a more active role in the Regional scenario leading to
higher citizen awareness of low-carbon heating systems and increased involvement in
sustainable initiatives of citizens. This is an important driver given that social accept-
ability is expected to be a great challenge for decarbonising heating systems (Sovacool
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Figure 4.4: Heat technology mixes for 2015 and 2050 scenarios for the city of Amsterdam. The urban technolo-
gies mix for the year 2015 was derived from several sources (AEB Amsterdam, 2016; CBS, 2020; Directorate-
General for Public Works and Water Management, 2020; Menkveld et al., 2017; Van Der Hoek et al., 2017; Vat-
tenfall, 2019). The 2050 technology mix was based on the road map presented in the report ‘New Amsterdam
Climate’ (Municipality of Amsterdam, 2020a). The amount of energy generated per scenario is presented in
units of petajoules (PJ) in the middle of the doughnut diagrams. Abbreviations: ATES = Aquifer Thermal En-
ergy Storage, BTES = Borehole Thermal Energy Storage, CC = Combined Cycle, CHP = Combined Heat and
Power, GT = Gas Turbine

et al., 2021b). A more active role of citizens in decarbonising heating systems can in-
crease literacy on low-carbon heating technologies and desirability of change, which is
now often low across countries in Europe (Sovacool et al., 2021b,a). Given the complex-
ity of the mentioned socio-economic drivers in practice, in this Chapter, the water use of
the given scenarios is studied quantitatively without further elaboration on the potential
implications of socio-economic drivers on energy and water use.

In addition to the four national scenarios, urban heating scenarios for Amsterdam
are also considered (see Figure 4.4). This is done in order to show how the change in
technology mix for electricity production on a national scale can affect VWP2H on an
urban scale. The 2050 scenario is based on the road map outlined in the report ‘New
Amsterdam Climate’ (Municipality of Amsterdam, 2020a). This report sketches that 50-
60% of the heat demand in the built environment could be met with collective heating
systems. Such systems can be fuelled with thermal energy from CHP plants or residual
heat from industry. Another 35-40% of the heat demand may be generated through all-
electric heating systems. These systems can be connected to low-thermal heat sources,
such as UTES and datacenters, in order to increase the efficiency. Around 15% of the
heat demand could also be met with hybrid systems.

4.3. RESULTS
The modelled water use of the national technology mixes are presented in Figure 4.5.
The figures in the middle column show the aggregated (1) water withdrawal, (2) con-
sumption, and (3) VWfuel of both electricity and heat production. Figure 4.5.1b shows
that, compared to the 2015 scenario, the calculated water withdrawal for heat produc-
tion increases significantly in all four scenarios, for three scenarios even exceeding the
water withdrawal for electricity production. Moreover, Figures 4.5.2b and 4.5.3b sug-
gest that the VWfuel for heating is more than four orders of magnitude higher than the
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water consumption for heating in all four scenarios. This means that virtual water use
becomes higher than local operational water consumption.

In the left and right columns, the water use per technology for electricity and heat
production are depicted. Figure 4.5.1c suggests that the water withdrawal for heat pro-
duction increases primarily because of the use of ATES systems and secondarily due to
geothermal systems. The water withdrawal for electricity production (see Figure 4.5.1a
and Figure 4.5.1b) is highest in the scenarios where coal powered generation is em-
ployed, i.e. the International and European scenarios. The water consumption for heat
production, mostly consisting of the water consumption by gas fired CHP plants, is sig-
nificantly smaller than that for electricity production (see Figures 4.5.2a-c). The VWfuel

of both electricity and heat production depends on the employment of energy carriers
such as biomass, coal gas, hydrogen, and wood (see Figures 4.5.3a-c). In some cases
the relative contribution per technology might seem similar (e.g. the VWfuels for the In-
ternational and European scenarios in Figure 4.5.3a). This is because these columns
prominently show only the relative water use contributions of the technologies that have
higher water use indicators. Looking at the actual technology mixes in Figure 4.3, the
differences in the technology mixes of the International and European scenarios are sig-
nificant in the technologies but for ones that use less water; for example, there is rela-
tively more wind energy in the international scenario for electricity production, but still
around the same ratio of coal and gas fired power plants as in the European scenario.

In order to assess how different WF values per fuel would affect the results, a first
order sensitivity analysis was performed varying the WF value per fuel between the min-
imum and maximum values found in literature. The results of this analysis are shown in
the heat maps in Figure 4.6. The Figure shows that the VWfuel for heating scales almost
linearly with the VWfuel of biomass. The VWfuel for electricity generation in the future
scenarios does not increase when substituting higher values for biomass. Moreover, if
the VWfuel value for coal is changed, only the values for electricity generation in the In-
ternational and European scenarios show a near linear change, both of which have a
large mix of coal based power generation (see Figure 4.3).

One strategy for decarbonising heating pathways is the electrification of heating.
The yearly national consumption of electricity for P2H applications was estimated to
be 2.08 exajoules (EJ) in the 2015 scenario and projected to be between 65.0-450 EJ in
the 2050 scenarios (the values per scenario are included in the supplementary material,
Table A.7). In other words, the calculated fraction of electricity needed for heating com-
pared to the total electricity production, given in Figure 4.3, is 0.5% for the 2015 technol-
ogy mix and between 14-37% for the four 2050 scenarios. For the case of Amsterdam, an
increase in electricity demand for P2H applications from 68 TJ in the 2015 technology
mix to 1 309 TJ in the 2050 scenario was observed.
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Figure 4.5: Modelled water use for heat and electricity production in the Netherlands in 2015 and four 2050
scenarios called International, European, National and Regional. Water use is expressed using the indicators
(1) water withdrawal, (2) water consumption, and (3) virtual water use for fuels. Column (b) depicts the water
use for the production of electricity (in blue) and heat (in red). The left and right columns show the relative
contribution of heat and electricity technologies, respectively, towards the corresponding aggregate water use
indicators in column (b). Abbreviations: CC = Combined Cycle, CHP = Combined Heat and Power, GT = Gas
Turbine, ST = Steam Turbine
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Figure 4.7: Water use for local heat production for the city of Amsterdam and VWP2H. Diagrams (a), (b) and (c)
depict the model output for water withdrawal, water consumption and the virtual water use for fuels respec-
tively. The values are plotted on a logarithmic scale and are in units of cubic meters.

This increase in P2H applications affects the virtual water use of heat production. In
Figure 4.7 the operational water use and VWfuel for urban heating systems are compared
with the VWP2H in the scenarios for 2015 and 2050. In the case for 2050, the average for
the four national scenarios was taken (see supplementary material, Table A.8, for the re-
sults per scenario). The data in Figure 4.7 suggest that the virtual water abstraction and
water consumption for P2H applications is not negligible compared to the local water
withdrawal and consumption of urban heating systems. The VWfuel for P2H applica-
tions, on the other hand, is negligible compared to VWfuel of the fuels used by local heat-
ing systems. In Table 4.1 the ratio between VWP2H and ‘direct’ water use of local heating
technologies are given per scenario. The ratios between direct water use and VWP2H for
2015 and the average of the 2050 scenarios remain similar for the operational water use
and WFfuel (i.e. 5.6% for water withdrawal, 21% for water consumption and around 0%
for the VWfuel). Nevertheless, the ratios for water withdrawal and consumption do dif-
fer among the four major 2050 scenarios between 0.3%–11% and 1.8%-41% respectively.
This variation is to be explained with the significant variation in the water withdrawal
and consumption for electricity generation per scenario as presented in Figures 4.5.1b
and 4.5.2b.
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Table 4.1: Comparison of VWP2H with water use requirements for urban heating in Amsterdam. In this table
a comparison is shown of indirect water requirements for electricity production for P2H applications under
different national scenarios for electricity production with the water withdrawal, consumption and VWfuel
associated with the heat mixes in Amsterdam. The VWP2H is divided into the water withdrawal, consumption
and VWfuel needed to generate the electricity needed for P2H applications.

Scenarios
VWP2H, water withdrawal

water withdrawal (%)
VWP2H, water consumption

water consumption (%)
VWP2H, VWfuel

VWfuel
(%)

2015 5.6 21 0.1
International 10 35 0.0
European 11 41 0.0
National 0.3 1.8 0.0
Regional 0.8 4.7 0.0
2050 average 5.6 21 0.0

4.4. DISCUSSION
From the results, three main insights are derived on how heat transitions can impact
the water use of the energy sector. First, the national water withdrawal for heating for
the 2050 scenarios is an order of magnitude higher that the water withdrawal in 2015.
This means that the national water withdrawal for heating in the 2050 scenarios is of the
same order of magnitude as that of the current water withdrawal for electricity genera-
tion. The increase in water withdrawal for heating between the 2015 and 2050 technol-
ogy mixes is due to an increased use of ATES systems in the technology mix from 0% to
10-12%. This means that the water withdrawal for heating can increase to the same or-
der of magnitude as the water withdrawal of thermoelectric power plants in 2015 if only
around a tenth of the heating is supplied through ATES. To validate the modelled water
withdrawal for ATES systems, the output for the 2015 scenario was compared to national
statistics. This value, 278 ·106 m3, is based on energy sales data, data on energy storage
and provincial data on groundwater flow, and include water withdrawal for both heating
and cooling (Meurink and Segers, 2016). It is comparable with the modelled water with-
drawal for ATES systems being 220·106 m3 for the 2015 scenario (i.e. almost a third of the
national water withdrawal for heating given in Figure 4.5.1b).

Second, the VWfuel of heating remains higher than the water consumption for heat-
ing. To model the VWfuel of gas, it is important to note that a mix of natural gas and biogas
was used, varying in composition per scenario. The VWfuel of biogas was set equal to zero
because of two assumptions. The first assumption was that biogas would in future sce-
narios be produced through anaerobic digestion with mainly manure as mixing liquid
instead of water. In comparison, the Water Footprint for the anaerobic digestion phase
with water as mixing liquid is approximately 437, 450, 474 m3 / TJ when digesting the
energy crops Maize, Wheat and Sorghum respectively (Pacetti et al., 2015). The second
assumption is that the biogas made from residual materials, such as sewage sludge, has
no virtual water use associated with it since the availability of these materials does not
depend on the demand for biogas (Meurink and Segers, 2016). Resources for biogas can
however be assigned a VWfuel. The sum of the blue and green water footprint of biogas
production from wheat, for example, is 79 340 m3 / TJ (Pacetti et al., 2015). Changing the
VWfuel of biogas to 79340 m3 / TJ in the model, increases the VWfuel of heat generation
by a factor of 3.3 to 8.3 depending on the considered scenario; for electricity generation
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the increase factors range from 1 180 to 35 415 (see Figure 4.6). The relatively high in-
crease for VWfuel for electricity production in the national scenario in comparison to the
other scenarios is not to be explained by a higher share of gas fired power plants in the
technology mix (see Figure 4.3). Instead, this is due to the fact that the mix of gas in the
national gas grid consists of relatively more biogas than natural gas in comparison to the
other scenarios (see supplementary material Figure A6). A higher value for biogas thus
mostly affects the VWfuel of electricity production. The replacement of natural gas with
biogas in gas fired power plants can therefore significantly increase the VWfuel of heat
and electricity generation.

The sensitivity analysis also showed that the VWfuel of electricity production would
increase significantly when higher values for the WF of hydrogen are used (see Figure 4.6).
In the main analysis of this study, the VWfuel for hydrogen was set equal to 75.6 m3 / TJ,
which is the direct water use for producing hydrogen through proton exchange mem-
brane electrolysis, assuming no water losses and not accounting for the WF of electricity
(Webber, 2007). Hydrogen can however be made in other ways. Research has shown that
the water use for hydrogen production in nine potential production pathways can range
between 326 and 34 216 m3 / TJ (Mehmeti et al., 2018).

Lastly, the third insight of this study is that the water withdrawal and consumption
for electricity production for P2H applications is comparable to the local water with-
drawal and consumption for heating in the case of Amsterdam. Assessments of water
use for future urban heat generation should therefore include the virtual water flows
embedded in electricity used for P2H applications.

The amount of electricity needed for heating is determined by the coefficient of per-
formance (COP) of electric heating applications. In this research a COP of 1 for electric
heaters, and 4 for heat pumps were used (RVO and CBS, 2015). In practice the COP of
heat pumps varies, depending on factors such as temperature differences between heat
source and the space that is to be heated, and technology specifics. A range in COPs
between 2.9 and 4.5 can be found in literature (Joint Research Centre of the European
Commission, 2014). The amount of electricity needed for P2H applications - and there-
fore the VWP2H - scales inversely proportionally with COP. The model output for VWP2H

will therefore be almost proportionally higher than the values presented in Figure 4.5 if
the COP value is set lower than 4.

The water use calculations for electricity generation depend on the parameters used
for the different technologies in the mix. The modelled water withdrawal for electricity
production was 5.1·109 m3 for the technology mix in 2015. This number is less than
half of the total water withdrawal for the cooling of power plants, which was reported
to be about 11·109 m3 in national statistics (Statistics Netherlands, 2020). In a study
using similar approaches an underestimation between 30%-35% was shown (Larsen and
Drews, 2019). It can therefore be argued that the results presented in this chapter are
comparable with the results presented in Larsen and Drews (2019), given that for the
study presented in this chapter, the water withdrawal of CHP plants was divided into
electricity and heat production instead of only electricity production. A more accurate
value for the water use for power generation could be obtained by using power plant-
specific water use data instead of water withdrawal rates from the literature.

Since such specific data on power plants are often not openly available, an alterna-
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tive method to model the water withdrawal and consumption of CHP plants could be
developed. CHP plants produced 18% and 40% of the delivered heat and electricity re-
spectively in the 2015 technology mixes for the Netherlands. The modelled water use of
power plants was attributed to the water use of electricity or heat production proportion-
ally to the total energy produced. In this work, it was assumed that the water withdrawal
and consumption rates of CHP plants were 10% of the water withdrawal and consump-
tion for power plants which only produce electricity (Mekonnen et al., 2015). To the best
of my knowledge, there is no other method given in literature to estimate the water with-
drawal and consumption of CHP plants. In order to better estimate the water needed for
heat networks, a method should account for the water use not only for the production
of electricity, but also for thermal energy production. This approach addresses the water
use attribution problem similarly faced by multipurpose hydropower reservoirs, where
there are no agreed methods on how to attribute use and evaporation losses between
different user sectors such as agriculture and hydropower Bakken et al. (2017).

Hydrogen fuelled combined cycle (CC) power plants are currently not applied at a
large scale and therefore knowledge on water use is limited, and lacking in current liter-
ature. In this study, the specifications, and therefore water use, of these plants were set
equal to those of natural gas CC plants (ETM, 2020). Although this technology accounts
for only about 4% of the total electricity produced in the Regional scenario for 2050, it
does have a significant share of the water withdrawal and consumption in this scenario.

4.5. CONCLUSION
Three main insights can be drawn from the results: (i) the water withdrawal for heat pro-
duction increases significantly in scenarios in which heat is stored with ATES systems,
(ii) the future VWfuel for heating is significantly higher than the operational water con-
sumption for heating, and (iii) the virtual water consumption and withdrawal to gener-
ate the electricity needed for P2H applications can be relevant for assessing the water use
of heating. Based on these three insights, it can be argued that the water use of future
heating systems needs to be assessed in an integrated manner to support sustainable
policy. Water use should be added as an extra dimension in policy-making besides re-
ducing costs and CO2 emissions to create sustainable energy systems. This means that
water use for heating, including water use for storage and production of energy carriers
needs to be accounted for.

If not properly managed, the transition to low-carbon heating systems could exacer-
bate water stress or be limited by it. In this chapter, it is shown that studies on the water
use for heating systems, besides the well-studied interdependencies between water and
electricity production, can support to indicate how future water stress may be avoided.
To make these data useful for preventing future water stress, environmental degrada-
tion, and reduced energy production capacity, projected water use for heating should
be connected with spatially explicit models with time-varying indicators such as water
temperature, water availability and environmental water demand.





As stated in the Introduction, not only water use, but also carbon 
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ABSTRACT CHAPTER 5: ‘REDUCING COMMITTED EMISSIONS OF HEATING TOWARDS 2050:
ANALYSIS OF SCENARIOS FOR THE INSULATION OF BUILDINGS AND THE DECARBONISATION

OF ELECTRICITY GENERATION’
Infrastructure for heat provision in the built environment needs to change remarkably
to support lowering carbon emissions and achieving climate mitigation targets before
2050. In this Chapter, a computational approach is proposed for finding a mix of heat
options per neighbourhood that minimises cumulative carbon emissions between 2030
and 2050, referred to as ‘committed emissions’, while at the same time adhering to tech-
nological constraints at both the household and neighbourhood scales. To establish
this approach, bottom-up heat demand modelling at the neighbourhood scale was inte-
grated with a mixed-integer nonlinear optimisation problem. Nine scenarios with dif-
ferent pathways for the insulation of buildings and the decarbonisation in electricity
generation were considered and applied to three neighbourhoods in the city of Ams-
terdam, the Netherlands. The results show that (i) the committed emissions can be ten
times lower between 2030 and 2050 if ambitious measures are taken for the insulation
of buildings and the decarbonisation of electricity generation, (ii) high temperature heat
options can be part of the heat mix with lowest committed emissions, (iii) low tempera-
ture heat systems are optimal solutions in scenarios with ambitious insulation and de-
carbonisation measures for lowering committed emissions, and (iv) the minimum heat
density for low temperature heat networks is not always achieved, which may lead to
carbon lock-ins. The results indicate that pathways for the retrofitting of buildings and
the decarbonisation in electricity generation need to be taken into account jointly when
designing renewable and low-carbon heating systems to optimally reduce carbon emis-
sions towards 2050 and reduce future carbon lock-ins.

Keywords: urban heating systems, committed carbon emissions, retro-fitting of the build-
ing stock, electrification of heating, carbon lock-in, mixed-integer nonlinear program-
ming

This chapter is based on the text in Kaandorp et al. (2022). The data and code used for the study presented in
this chapter is made publicly available in Kaandorp et al. (2023b).
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5.1. INTRODUCTION
Heat demand models enable policymakers to track whether current goals are realised,
to define realistic future goals, and to avoid policies that lead to weaker results (Vásquez
et al., 2016). High-level, spatio-temporal data and modelling results are useful for de-
signing future heating systems because recommendations can then be formulated on
decision-relevant scales (Voskamp et al., 2018; Eggimann et al., 2020). Additionally, in-
formation about the heat demand on both the building and neighbourhood scale can in-
form whether heat systems can be applied or not (Cornelisse et al., 2021). Decentralised
heating systems such as heat pumps may, for example, require a certain insulation level
on the building scale, whereas centralised heating systems, on the other hand, do re-
quire a minimum heat density in the neighbourhood to be economically preferable and
technically feasible (Municipality of Amsterdam, 2020b).

Estimating the heat demand in urban areas is however challenging, given that these
areas develop over time and are hence often made up of a heterogeneous building stock.
Buildings within cities differ in building age, construction methods, and temporal heat
demand patterns associated with current use (e.g. domestic, business, and hospitality)
(Voulis, 2019). Bottom-up heat demand models calculate the energy consumption of
representative samples and extrapolate this energy demand to represent a larger build-
ing stock (Aksoezen et al., 2015; Swan and Ugursal, 2009). The work in Hietaharju et al.
(2021), for example, included modelling each building separately and then applying a
Monte-Carlo simulation for estimating future heat load profiles and peak demand un-
der different renovation interventions of buildings. Bottom-up heat demand models can
therefore be used to address the challenges of spatially explicit modelling accounting for
the diversity in building types, and therefore heat demand, in urban areas (De Oliveira
Fernandes et al., 2021).

Optimisation studies are used in combination with heat demand models to inform
how to minimise the impacts of heating systems on indicators such as costs, carbon
emissions and resource use. Some studies focus on optimising one type of heat sup-
ply, e.g. on district heating (Vesterlund et al., 2017), or hydrogen, e.g. (Sunny et al.,
2020). Other studies include modelling multi-energy systems to estimate which tech-
nology would be most suitable according to chosen indicators. In Jennings et al. (2014),
for example, a mixed-integer linear program (MILP) tool is offered for modelling both
supply side and demand side technologies of residential energy systems in order to min-
imise costs under different scenarios. Another example is given by Gabrielli et al. (2018)
who present a MILP tool to minimise costs and carbon emissions by integrating hourly
and yearly demand and supply profiles to include seasonal energy storage.

Up to the author’s knowledge, no optimisation studies for urban energy planning
however exist to determine the configuration of heat systems with the lowest cumula-
tive carbon emissions over time. This is in line with an extensive literature review on
carbon lock-in induced by long-lived capital in which it was identified that the carbon
lock-in in the built environment is insufficiently addressed in the current body of litera-
ture (Fisch-Romito et al., 2021). This is however needed given the large capital costs and
long infrastructure lifetimes often associated with urban heating systems (Fisch-Romito
et al., 2021). Doing so is however not straightforward, given that urban energy systems
comprise large distributed systems, creating many degrees of freedom (Jennings et al.,
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2014). Carbon emissions of heating additionally depend on both the spatially hetero-
geneous heat demand and the infrastructure for thermal energy generation. The heat
demand can decrease with the retrofitting of buildings, which would lead not only to a
decrease in carbon emissions for heating but also makes it possible to implement dif-
ferent low-carbon heating alternatives. Additionally, the emission factor of heat gener-
ation can change when energy carriers or heat sources are replaced. Heat pumps are,
for example, considered to be a technology suited for well-insulated buildings, but the
emission factor of heat pumps is lower if the used electricity is generated from renewable
energy sources instead of fossil fuels.

To determine the configuration of heat systems with the lowest cumulative carbon
emissions, I propose to use the notion of ‘committed emissions’. Different from the main
literature body, where the notion of committed emissions is defined as cumulative emis-
sions that occur over the remaining operational lifetime of an asset, the notion is used
in this study to indicate the cumulative carbon emissions emitted during a given future
planning period (Fisch-Romito et al., 2021; Davis et al., 2010). This is because the infras-
tructure for heating, such as heat networks, electric heat pumps, and piped networks
with fuel gas, have different operational lifetimes, creating difficulties in meaningfully
comparing the emissions over the operational lifetime, and assessing the emissions to-
wards 2050. To find the mix of heating technologies in urban areas for which the com-
mitted emissions are minimised under different scenarios for the insulation of buildings
and the decarbonisation in electricity generation, a computational framework is pro-
posed combining bottom-up heat demand models with optimisation methods.

The proposed computational framework is applied to three neighbourhoods in the
city of Amsterdam, the capital of the Netherlands. The names of the neighbourhoods
analysed, are ‘Felix Meritis’, ‘Molenwijk’, and ‘Prinses Irenebuurt’ (see Appendix B.1, Fig-
ure 5.3 for the location of the neighbourhoods on a map of Amsterdam). The neighbour-
hoods are chosen for their diversity in building types. Felix Meritis is a historic neigh-
bourhood, consisting mostly of terraced houses and apartment buildings built before
1945. Molenwijk is a neighbourhood consisting only of apartment buildings built be-
tween 1946 and 1975, whereas the Prinses Irenebuurt is a neighbourhood with a mix
of (semi-)detached houses, terraced houses, and apartment buildings mostly built be-
tween 1946 and 1975.

The computational framework with which the neighbourhoods are analysed is pre-
sented in Section 5.2. The results of this analysis are shown in Section 5.3. Section 5.4
includes a discussion of the results and is followed by concluding remarks on policy im-
plications in Section 5.5.
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5.2. METHODS
The proposed computational framework, shown in Figure 5.1, consists of a bottom-up
heat demand model and mathematical optimisation for finding a mix of heat options
with the lowest committed emissions. In this section, I will discuss the case study neigh-
bourhoods, the bottom-up heat demand model, the heating systems considered, the
studied scenarios, and the formulated optimisation problem.

3. Output for technology mix and associated committed 
emissions per scenario

Output of model are heat option mixes for all nine 
scenarios with the lowest committed emissions.  

1. Inputs and assumptions

Bottom-up heat demand model
GIS Data collection at 
neighbourhood level. Heat 
demand estimated per 
address with modelled 
demand of building 
archetypes.

Emission factors of heat systems 
Emission factors per heat 
option technology over time 
are determined for all three 
different decarbonisation 
pathways.

Scenarios for emissions reduction
Combinations of insulation 
and decarbonisation 
pathways.

2. Optimisation problem: objective function and criteria

Heat option mix optimization for which the committed carbon 
emissions between 2030 and 2050 are minimized while 

adhering to constraints on building 
and neighbourhood scale. 

Figure 5.1: Modelling framework for minimising committed emissions. The input data needed for the opti-
misation model are obtained from a bottom-up heat demand model, emission factors per heat option and
scenarios for emissions reduction.

5.2.1. BOTTOM-UP HEAT DEMAND MODEL
Bottom-up heat demand modelling means that the heat demand is modelled for repre-
sentative samples and extrapolated to represent a larger building stock (Aksoezen et al.,
2015; Swan and Ugursal, 2009). In this study sixteen building archetypes were used. The
used building archetypes are a combination of four building types and four construction
periods (see Figure 5.2), and are derived from the report ‘Standard and Target values for
existing housing’ (in Dutch: standaard en streefwaardes bestaande woningbouw) (Cor-
nelisse et al., 2021). This report is used by the National Government to provide stan-
dard insulation references to building owners (Cornelisse et al., 2021; Ollongren, 2021).
The four building types represent buildings with a similar number of exterior walls or
walls connected to other buildings. The four building types used are ‘mid-terrace’, ‘semi-
detached’, ‘detached’, and ‘apartments’. The building types cover all building types in-
cluded in the registration of buildings and addresses by the Netherlands’ Cadastre, Land
Registry and Mapping Agency (ESRI NL, 2021). The only difference is that the building
types ‘end of terrace’ and ‘semi-detached’ were considered as one category in this study
because the heat demand of these building types are similar due to a similar amount of
exterior walls.
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Figure 5.2: Overview of the sixteen building archetypes together with possible insulation measures per con-
struction period

The construction period was also used to define the building archetypes because it
can be used as an indicator of the building characteristics related to common insulation
measures over time shown in Figure 5.2 (Cornelisse et al., 2021). Buildings built before
1946 do not often have cavity walls, which means that roof and floor insulation are the
main insulation measures that can be applied (a more detailed description of insulation
measures used from (Cornelisse et al., 2021) can be found in Appendix B.1, Figures B.1
and B.2). Buildings built between 1946 and 1975 generically have a cavity wall, so cavity
wall insulation is applied additionally to roof and floor insulation. After 1980, building
insulation became mandatory, so in these cases the already existing insulation in the
cavity can be improved. The four construction periods used in this research are (i) before
1946, (ii) between 1946 and 1975, (iii) between 1976 and 1995, and (iv) after 1995.

For each building archetype, the yearly heat demand per unit of floor area is mod-
elled for standard insulation levels defined in (Cornelisse et al., 2021). As input for the
optimisation the ‘current’ and ‘advanced’ insulation levels were used (see Table 5.1, and
Figure B.3 in Appendix B.1 for the modelled heat demand for ‘basic’ and ‘intermediate’
insulation level). The ‘current’ insulation level stands for a state in which some regular
insulation measures are already undertaken with respect to the original state at con-
struction. The advanced insulation level represents technologically complex improve-
ments that happen less often in practice, but are technologically feasible.

The modelled values for the ‘current’ and ‘advanced’ heat demand are static and do
not change over time (Vásquez et al., 2016). The optimisation model itself can however
be characterised as a dynamic model as it analyses the heat demand over multiple years
(Vásquez et al., 2016). In the optimisation model, the ‘current’ heat demand of each ad-
dress in the neighbourhood is first estimated and the insulation of addresses is simulated
by lowering the heat demand, keeping the heat demand associated with the ‘advanced’
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Table 5.1: Modelled heat demand per building archetype for the ‘current’ and ‘advanced’ insulation levels
expressed in kWh per square metre of floor area per year

Heat demand [kWh m-2 year-1]
Building type Construction period Current insulation level Advanced insulation level
Apartment <1946 193 24.2

1946 - 1975 159 24.2
1976 - 1995 113 24.2
>1995 79.5 24.2

Detached <1946 177 30.9
1946 - 1975 133 30.9
1976 - 1995 107 30.9
>1995 67.7 30.9

Semi- <1946 143 26.1
detached 1946 - 1975 109 26.1

1976 - 1995 84.8 26.1
>1995 58.0 26.1

Terraced <1946 177 21.3
1946 - 1975 156 21.3
1976 - 1995 124 21.3
>1995 79.3 21.3

insulation level as a minimum heat demand. The ‘current’ or ‘advanced’ heat demand
per address is determined by associating each address with a building archetype and
multiplying the modelled heat demand per square metre floor area of the ‘current’ or
‘advanced’ insulation level with the floor area of the associated address. The floor area
per address and the information needed to cluster all addresses into building archetypes,
i.e. the information on the building type and the construction year, is collected with Ge-
ographic Information System (GIS) data through ArcGIS pro software. Feature layers are
collected from the ArcGIS Living Atlas collection of Esri Nederland Content on the 5th of
May 2021 (ESRI NL, 2021) (see Figure 5.3). The names of the feature layers are: ‘BAG -
pand’, ‘Woningtypering’, ‘BAG - adres’, ‘BAG - Verblijfsobject’.

The heat demand for the building archetypes is estimated with Passive House Plan-
ning Package (PHPP) software (see Table 5.1). The input data for the PHPP model are
the thermal resistance of materials, the area size of the surfaces of the building enve-
lope, the orientation, the infiltration rates and the ventilation mechanism. The ther-
mal resistances, also known as the R-values, of the different materials of the shell of the
houses were taken from Cornelisse et al. (2021) and presented in Figures B.3 and B.4 in
Appendix B.1. Additionally, the infiltration rates and the insulation measures were used
from Cornelisse et al. (2021) (see Table B.2 in Appendix B.1, and Figures B.1 and B.2 in
Appendix B.1). The sizes of the building envelope areas are extracted from a study by
Agentschap NL, presently known as RVO The Netherlands Enterprise Agency, and pre-
sented in Table B.1 in Appendix B.1 (Agentschap NL, 2011). For this study, the height
of ceilings are set at a standard of three metres for all building types. It is also assumed
that all terraced housing, semi-detached and detached buildings have two floors while
all apartments only have one floor and are in three-storey apartment buildings. The cho-
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Figure 5.3: Map of Amsterdam with addresses used in ArcGIS Pro. The neighbourhoods analysed are Molen-
wijk, Felix Meritis and Prinses Irenebuurt (appearing on the map from top to bottom).
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sen cardinal directions for the building types are ‘North’ for terraced housing, ‘East’ for
semi-detached houses, ‘South’ for detached houses and ‘West’ for apartments to gen-
erate a distribution of orientations in the neighbourhoods. Nevertheless, the influence
of cardinal direction on the modelled heat demand can be minimal (Cornelisse et al.,
2021).

5.2.2. EMISSION FACTORS OF HEATING SYSTEMS
A rich mix of supply systems and energy sources that are currently being considered in
national policy and in practice is included in this study. I refer to heating systems as
the collection of technologies that generate and distribute heat. Five major heating sys-
tems were considered, which are the same as the ‘heating strategies’ included in the PBL
Netherlands Environmental Assessment Agency’s decision tool for Dutch municipalities
to transition to renewable heating (Hoogervorst et al., 2020). For each of these five major
heating systems listed in Table 5.2, several ‘heat options’ were analysed. The heat op-
tions within one heating strategy share similarities in how thermal energy is supplied,
but differ in the thermal energy sources.

Table 5.2: Constraints per heating system defined by (Municipality of Amsterdam, 2020b). Abbreviations: HT
= high temperature, MT = mid temperature, and LT = low temperature.

Heating System Thermal Maximum heat capacity Minimum heat density
regime [kWh m-2 year-1] [MWh hec-1 year-1]

1. Individual Heat Pump LT 50 -
2. LT Heat Network LT 50 165.75
3. MT Heat Network MT 80 165.75
4. Green gas HT - -
5. Green hydrogen HT - -

The first system, i.e. ‘1. Individual Heat Pump’, stands for a heating system in which
electric heat pumps are used. The two heat options analysed for this heating system
are ‘(1a) Heat Pump (HP) Aerothermal’ and ‘(1b) HP Underground’. The second heating
system is called ‘2. LT Heat Network’. The definition given by the Municipality of Am-
sterdam (Municipality of Amsterdam, 2020b) for a LT heat network is used, i.e. a heat
network that delivers heat at 40 °C. The heat options for such a heat network consid-
ered in this study are residual heat from industry, such as from datacenters, and thermal
energy withdrawn from UTES systems. The thermal energy stored in UTES systems can
originate from multiple sources, e.g. ambient heat from surface water or air, solar en-
ergy collected with solar boilers, or residual heat from wastewater. The names of the two
heat options are: ‘(2a) Residual Heat LT’ and ‘(2b) UTES’. The third heating system is a
‘mid-temperature’ (MT) heat network delivering heat at 70 °C (Municipality of Amster-
dam, 2020b). The heat options considered are: ‘(3a) Residual Heat MT’, ‘(3b) Geothermal
energy’, ‘(3c) Biomass Heater’, and ‘(3d) Waste CHP plant’. The latter heat option stands
for a combined heat and power (CHP) plant where waste is incinerated. Both heating
systems 4 and 5 are decentralised systems at the address level that incinerate green gas
and green hydrogen respectively. Green gas refers to biogas which is processed to have
the same heat capacity as natural gas and so can be distributed through the existing nat-
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ural gas grid. Green hydrogen refers to hydrogen produced with water electrolysis with
electricity generated by renewable energy carriers. For both systems, two heat options
are considered: (a) a hybrid option, being a combination of a heat pump with a gas-fired
heat condensing boiler and (b) a gas-fired heat condensing boiler. In the hybrid option,
the heat pumps are used most of the time, and the boiler is activated when more heat-
ing is required. By using gas-fired heat condensing boilers, heating systems 4 and 5 can
deliver heat at ‘high temperature’ (HT), i.e. 90 °C (Municipality of Amsterdam, 2020b).

Table 5.2 also contains minimum and maximum heat demand constraints posed in
the optimisation problem. The first constraint restricts the heat demand of an address
from being higher than the maximal ‘heat capacity’ of the chosen heating option. The
maximum heat capacity is defined in this chapter as the maximum thermal energy de-
mand per square metre of floor area for which a heat option can ‘comfortably’ heat up a
space. In practice, whether a heating system can ‘comfortably’ heat up a space depends
on a variety of factors, such as the indoor heating system and the type of heat pump in-
stalled. However, according to the municipality of Amsterdam, the temperature of the
heat source can be used as an indicator for the heat capacity (Municipality of Amster-
dam, 2020b). A heating system which delivers heat at mid temperature has a maximum
heat capacity of 80 kWh m-2 year-1, where m2 stands for the amount of floor area in
square metres. The maximum heat capacity for LT heat strategies is equal to 50 kWh m-2

year-1. No maximum heat capacity is assigned for HT strategies. The second constraint
in the table, defined at the neighbourhood level by the Municipality of Amsterdam (Mu-
nicipality of Amsterdam, 2020b), applies to heat networks, i.e. heating systems 2 and 3.
Heat networks are more profitable and efficient in areas with higher heat density. Follow-
ing Municipality of Amsterdam (2020b), the yearly minimum heat density per hectare of
land for heat networks is set equal to 165750 kWh.

In order to model the mix of heat options with the lowest committed emissions be-
tween 2030 and 2050, the emission factor per heat option is determined and presented
in Figure 5.4. The emission factors are expressed in units of mass of carbon equivalents
per unit of thermal energy supplied (kg CO2-eq / kWh) and are only based on the emis-
sions during the operational phase of heat generation. This scope is chosen because
the operational phase is currently responsible for the higher share of carbon emissions
with respect to the other phases. In the case study on Tuscany, for example, the contri-
butions to greenhouse gas emissions of the operational phase are 96.6%, 95.4%, 97.6%,
and 96.9% for the considered strategies: natural gas heaters at the household level and
heat networks distributing thermal energy from geothermal energy, a biomass heater, or
a natural gas heater (Bartolozzi et al., 2017). In order to determine the emission factors
during the operational phase the emission factor per energy carrier and the ERE factor
were used. The emission factor per energy carriers include the emissions associated with
supplying and using, often by combustion, the energy carrier. The ERE factors are based
on the efficiencies or COP of technologies. The used emission factors per energy carrier
and the ERE factors can be found in Tables B.5 and B.6 in B.2.

Three stages in the supply chain of heat were considered: direct emissions, indirect
emissions for fuel supply and indirect emissions for electricity supply. Direct emissions
take place locally where heat is generated. Indirect emissions, on the other hand, can be
emitted elsewhere during different processes in the supply chain of heat. By making a
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Figure 5.4: Emission factor (EF) per heat option in terms of kg CO2 equivalents per kWh of thermal energy
supplied. These heat options are considered to replace heating with a natural gas boiler at the household level,
which has an emission factor of 0.213 kg CO2 kWh-1 (see Appendix B.2).

distinction between direct and indirect emissions the multi-scale effects of energy gen-
eration is highlighted. The emission factors for direct emissions and indirect emissions
for fuel supply are based on data found in literature (see B.2, Tables B.5 and B.6 for in-
put data and references). The magnitude of indirect emissions for electricity consump-
tion, defined as the emission per unit of electricity supply, depends on the power mix of
the electricity grid at the time of electricity use and hence the decarbonisation pathway
for electricity. Different pathways for the decarbonisation of electricity production are
therefore considered in the scenarios used in this study.

5.2.3. SCENARIOS FOR EMISSION REDUCTION
To analyse which heat options should be implemented in the neighbourhoods to min-
imise committed emissions between 2030 and 2050, nine scenarios that span different
combinations of decarbonisation pathways are considered: three pathways for the insu-
lation of buildings and three pathways for decarbonisation of electricity generation (see
Figure 5.5). Using scenarios composed of varying pathways for electricity grid decarbon-
isation and neighbourhood insulation capabilities, uncertainty in future drivers are thus
explicitly considered. The three insulation pathways, I+, I0 and I−, are input for the max-
imum rate of insulation which can take place per year (Figure 5.5a). The pathways have
a common startpoint, i.e. Istart, and endpoint, i.e. Iend, expressed as the average areal
heat demand in the neighbourhood. The difference between the three pathways is the
timing at which the insulation measures start and end. The average areal heat demand
in pathway I0 decreases immediately in 2020 and drops linearly at a low rate, reaching
Iend in 2050. For I−, the average areal heat demand starts with a delay, dropping with a
higher insulation rate beginning in 2030, to reach Iend in 2050. The I+ pathway begins
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immediately with a high reduction rate, reaching Iend already in 2030. In other words,
the three pathways represent future situations wherein addresses are insulated relatively
early, relatively late or during the whole period with the same insulation rate.
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Figure 5.5: Pathways for (a) the insulation of buildings and (b) the decarbonisation of electricity generation.
The average heat demand is expressed in kWh of thermal energy per square metre of floor area per year and
the emission factor of electricity in kg of CO2 equivalents per kWh of electricity. Tstart is the year 2020, T0 the
year 2030 and Tend the year 2050. The pathways are annotated with a +, 0 or − representing different ambition
levels on when to start and attain the goal posed at Tend.

The value of the average heat demand in 2020, i.e. Istart, is modelled by multiplying
the modelled ‘current’ heat demand per building archetype with the surface area of that
building archetype present in the neighbourhood (as collected previously with the GIS
analysis). Iend is set equal to 60 kWh m-2 year-1 based on policy of the municipality to
insulate 70% of all addresses to 70 kWh m-2 year-1 and 30% to 50 kWh m-2 year-1. At 70
kWh m-2 year-1 buildings can be comfortably heated with central heat systems pumping
around water at 70°C (Municipality of Amsterdam, 2020b). Heating at this temperature
is an economic optimum for most existing buildings in Amsterdam according to an eco-
nomic analysis by (Municipality of Amsterdam, 2020b, pp. 59).

The three pathways for the decarbonisation in electricity generation are defined sim-
ilarly to the insulation pathways. In pathway E0, the emission factor for electricity be-
tween 2020 and 2050 decreases with a constant rate during that time period. In pathways
E+ and E− a linear decrease in the emission factor of electricity production takes place
between 2020 and 2030 and 2030 and 2050, respectively. The emission factor of elec-
tricity in 2020 is based on the technology mix for electricity production in the Nether-
lands (Wielders and Nusselder, 2020). The endpoint in 2050 is set equal to 14.7 g CO2-
eq/kWh, which is the emissions factor of offshore wind energy (Wielders and Nusselder,
2020). This renewable electricity source is expected to be one of the most important re-
newable electricity sources in the Netherlands by 2050 (Den Ouden et al., 2020; Wielders
and Nusselder, 2020).
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5.2.4. OPTIMISATION OF HEAT OPTIONS
To find a mix of heat options per neighbourhood that has the minimal committed emis-
sions between 2030 and 2050, while adhering to the two formulated technological con-
straints, mixed-integer nonlinear program (MINLP) optimisation problem with the fol-
lowing objective function is posed:

J (XHD, XHT;EF) :=
NH∑
h=1

Tend∑
t=T0

EFh,(t−1) +EFh,t

2

NA∑
a=1

Aa ·

XHD,a,(t−1) +XHD,a,(t )

2
·XHT,a,h ·∆T, (5.1)

where the parameters NA, NH, and Aa stand for the number of addresses in the
neighbourhood, the number of heat options considered, and the floor area (in m2) per
address a respectively. For each heat option indexed h, the parameter EFh,t represents
the emission factor in year t in terms of kg CO2 equivalents per kWh of thermal energy
supplied. The optimisation problem has three sets of indexed variables: XHD, XHT and
xHF. The indexed variables are defined as follows:

XHD,a,t ∈ [HDmin,a ,HDmax,a], ∀a ∈ [1, NA];∀t ∈ [Tstart,Tend],

XHT,a,h ∈Z[0,1], ∀a ∈ [1, NA];∀h ∈ [1, NH],

xHF,h ∈Z[0,1], ∀h ∈ [1, NH],

where, XHD,a,t stands for the yearly heat demand per m2 of floor area for address a in
year t . The binary variable XHT,a,h represents the heat option at address level - it is equal
to 1 if a heat option h is applied at address a and equal to 0 if not. The variable xHF,h

stands for whether or not the minimum heat density for heat option h is attained in the
neighbourhood. HDmin,a and HDmax,a are the minimal and maximal yearly heat demand
of address a in terms of kWh m-2 year-1. They correspond to the modelled heat demand
per floor area of the building archetype associated with address a at the advanced and
current insulation levels, respectively. The three decision variables are subject to the
following constraints:

XHD,a,t ≤ XHD,a,(t−1), ∀a ∈ [1, NA],∀t ∈ [Tstart,Tend], (5.2)

XHT,a,h ·XHD,a,t ≤ HSmax,h , ∀a ∈ [1, NA],∀h ∈ [1, NH],

∀t ∈ [T0,Tend], (5.3)

NH∑
h=1

XHT,a,h = 1, ∀a ∈ [1, NA], (5.4)
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NA∑
a=1

Aa · (XHD,a,(t−1) −XHD,a,t ) ≤
NA∑

a=1
Aa · (HDavg,(t−1) −HDavg,t ),

∀t ∈ [T0,Tend], (5.5)

NA∑
a=1

Aa ·XHD,a,t ·XHT,a,h ≥ An ·xHF,h ·HSmin,h , ∀h ∈ [1, NH],

∀t ∈ [T0,Tend],

(5.6)

xHF,h ·NA ≥
NA∑

a=1
XHT,a,h , ∀h ∈ [1, NH]. (5.7)

Equations (5.2)-(5.4) describe constraints at the address scale. Equation 5.2 imposes
the heat demand of address a to decrease in time. As described in Section 5.2.2, the im-
plementation of a heat option at the address level is constrained by the maximum heat
capacity of that heat option (see the bilinear constraint Equation (5.3)). The maximum
heat capacity is expressed with the parameter HSmax,h and has the unit kWh m-2 year-1.
The integral constraint in Equation 5.4 enforces that only one heat option is chosen per
address. Equations (5.5)-(5.7) enforce the link between the situation at the address scale
and the neighbourhood scale. The heat demand reduction through insulation per time
step for an address is constrained by the insulation pathways described in Section 5.2.3.
This is translated into Equation (5.5), which states that the decrease in heat demand in
the neighbourhood due to insulation at address level can not be higher than the decrease
in the average heat demand, HDavg,t , given by the insulation pathway. Equation (5.6),
which is also bilinear in the decision variables, imposes that the total heat supplied by
heat option h in the neighbourhood should be larger than the minimal heat density,
HSmin,h, in terms of kWh ha-1 year-1 times the area of the neighbourhood in hectares,
An . At last, the constraints in Equations (5.6)-(5.7) together enforce the complemen-
tary condition that heat option h is not chosen at neighbourhood and address levels (i.e.
xHF,h and XHT,a,h , for all addresses a are equal to zero) unless the minimum density re-
quirements for heat option h are strictly met.

All computational experiments were performed using a MacBook Pro computer with
a 2.4 GHz QuadCore Intel IntelCore i5 CPU and 16 GB RAM. The optimisation problem is
implemented within the python based Pyomo Algebraic Modelling Language and solved
using Gurobi. The resulting optimisation problem is a MINLP due to the two sets of
indexed nonlinear (i.e. bilinear) constraints and objective, which was solved efficiently
with GUROBI 9.1 and an allowable MINLP gap of 1% (Gurobi Optimization, LLC, 2021).
The computations took seconds to minutes to converge to the MINLP gap set per sce-
nario. The results of the MINLP problem are reported in the following section.
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5.3. RESULTS
In Figure 5.6 the heat option mixes with the lowest committed emissions between 2030
and 2050 for the different neighbourhoods under different scenarios, are depicted to-
gether with the corresponding committed emissions. The results suggest that in almost
all scenarios the majority of all the addresses should be connected to the heat option
(5a) Green Hydrogen Hybrid or (5b) Green Hydrogen Boiler to minimise the committed
emissions. Only in the most ‘ambitious’ scenario, i.e. scenario (I+, E+), the heat option
(2b) UTES is applied to a majority of the addresses. The committed emissions in the
most ambitious scenario is for each neighbourhood almost ten times smaller than the
committed emissions in the least ‘ambitious’ scenario, i.e. scenario (I−, E−) (see Fig-
ure 5.6b).
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Figure 5.6: Mix of heating options in the three case study neighbourhoods. On the left is the heat option
mix shown in terms of percentages of addresses connected to a certain heat option. On the right is the total
committed emissions between 2030 and 2050.
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Whether or not heat options are included in the mix is a result of the optimisation
problem in which cumulative emissions over time are minimised while satisfying the
two posed technological constraints. The emission factors over time depend on the dif-
ferent rates of decarbonisation in electricity generation (see Figure 5.5). The bar charts
in Figure 5.7 depict the average carbon emission factors (EFaverage) per heat option be-
tween 2030 and 2050 for the three decarbonisation pathways as used in the optimisation
to generate the results as presented in Figure 5.6. For pathway E− (see Figure 5.7a), the
heat option with the lowest EFaverage is heat option (5b) Green Hydrogen Boiler, a HT,
decentralised heating system applied at address level and therefore not subject to any
constraints in the model (see Tabel 5.2). As such, the optimisation chooses this technol-
ogy for all addresses in the scenarios with decarbonisation pathway E− (see Figure 5.6).
The vertical black bars in Figure 5.7 indicate the EFaverage for a situation in which the
direct emissions associated with the incineration of organic energy carriers are set equal
to zero, and will be discussed in Section 5.4.1.
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Figure 5.7: Average carbon emission factors between 2030 and 2050 expressed in terms of kg CO2 equivalents
per kWh of thermal energy supplied for all heat options. The average is taken for the three decarbonisation
pathways. The colours of the bars in the figure indicate the thermal regimes of the heat options. The heat
option (3c), (3d), (4a) and (4b) incinerate biomass or biogas. A vertical bar indicates the average emission
factors for these four heat options if the carbon emissions associated with the incineration or organic energy
carriers are set equal to zero.

For pathways E+ and E0, the heat option (2b) UTES has the lowest EFaverage (see Fig-
ure 5.7b and 5.7c). This heat option is a heating system with a LT heat network and
can therefore only be applied to addresses with a heat demand lower than 50 kWh m-2

year-1 (see Tabel 5.2). Addresses with a heat demand above 50 kWh m-2 year-1 can not
be heated by LT heating systems and the model will therefore choose a MT or HT heat
option. The heat options with the lowest EFaverage for pathways E0 and E+, which do op-
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erate at MT and HT level, are the heat option (5a) Green Hydrogen Boiler and (5b) Green
Hydrogen Hybrid respectively. This is why the options (2b) UTES, (5a) Green Hydrogen
Boiler, and (5b) Green Hydrogen Hybrid are visible in the heat option mix for the Felix
Meritis neighbourhood.

The heat option (2b) UTES is however not applied in the neighbourhoods Molen-
wijk and Prinses Irenebuurt. Instead, the heat option (1b) HP Underground is applied
in scenario (I0, E+) even though it has a higher EFaverage than the heat option (2b) UTES.
This is because the heat option (2b) UTES is subject to the heat density constraint (see
Table 5.2). As a consequence, the sum of the heat demand of all addresses that can be
connected to this heat option divided by the total area of the neighbourhood needs to
be higher than the posed minimal heat density. If the heat density is too low, then this
heat option can not be applied in the neighbourhood. In that case, two different de-
cisions can be made by the optimisation model: either addresses are less insulated so
that the heat density is higher, or the heat option with the second lowest carbon emis-
sions, i.e. (1b) Underground HP or (5b) Green Hydrogen Boiler in pathways E+ and E0

respectively, are chosen. This is why heat option (2b) UTES is applied in scenario (I+.
E0) in the Felix Meritis neighbourhood, but not in the Molenwijk and Prinses Irenebuurt
neighbourhoods in Figure 5.6.

In order to assess how uncertainties in the heat demand model for the existing build-
ing stock would affect the heat density for LT Heating, a first-order sensitivity analysis is
performed on the two main insulation parameters: Istart and Iend (see Figure 5.5a). Fig-
ure 5.8 shows the heat density based on summing over the heat demand of all addresses
with a LT heat supply suggested by the optimisation when considering different values
for Istart and Iend. The first row in Figure 5.8 shows the heat density for the results, called
the ‘Reference’ case. The scenarios plotted are the scenarios in which (2b) UTES could
be applied, i.e. scenarios (I0, E+) and (I+, E0) and (I+, E+).
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Figure 5.8: LT heat density per neighbourhood. With insulation, the number of addresses with a heat demand
below the maximum heat capacity for LT heating increases for the different pathways. This figure shows the
LT heat density based on summing over the heat demand of all addresses ready for LT heating for the three
neighbourhoods ‘Felix Meritis’, ‘Molenwijk’, and the ‘Prinses Irenebuurt’ for the scenarios (I+,E0), (I+, E+), and
(I0, E+). Each row shows the result of a first-order sensitivity analysis: row (b) and (c)Istart show the results for
varying Istart with respect to Istart as modelled in the reference case with +30% and -23%. The rows (d) and
(e) show the results for choosing the parameter Iend to be equal to 70 kWh m-2 year-1 and 30 kWh m-2 year-1

respectively.
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As a first step in the sensitivity analysis, Istart was varied with +30% or -23% with re-
spect to the Istart used for the results in Figure 5.6. The results (see Figure 5.8, rows (b)
and (c)) show that varying Istart in the Felix Meritis neighbourhood (see Figures 5.8.1b
and 5.8.1c) cause the heat density in 2030 for scenario (I0, E+) to fall below the minimal
heat density required for district heating (i.e. below the red line). In these cases, heat op-
tion (2b) UTES can therefore not be in the mix and heat option (1b) HP underground is
chosen as heat option for addresses with a LT heat demand. The results of the sensitivity
analysis for the neighbourhoods Molenwijk and Prinses Irenebuurt show that it is only in
scenario (I+, E+) where the heat density for LT heating was above the minimum required
heat density as stated by (Municipality of Amsterdam, 2020b) (see Figures 5.8.2a-5.8.2c
and 5.8.3a-5.8.3c). For the reference case, this is reflected in the results in Figure 5.6,
where heat option (2b) UTES was only applied in that scenario. The results of the sen-
sitivity analysis show that the heat density in this scenario remains above the minimum
heat density for increasing and decreasing Istart.

As a second step in the sensitivity analysis, Iend was varied. The results of the ref-
erence case were based on target end demand levels of Iend = 60 kWh m-2 year-1. The
model was also run for Iend = 70 kWh m-2 year-1 and Iend = 30 kWh m-2 year-1. The first
value was chosen because the city of Amsterdam aims to insulate 70% of all addresses to
70 kWh m-2 year-1 and 30% to 50 kWh m-2 year-1 (Municipality of Amsterdam, 2020b).
There therefore may be neighbourhoods in which all buildings will be insulated till a heat
demand of 70 kWh m-2 year-1. The second value was chosen based on the heat demand
modelling performed in this study, that showed that all addresses could in principle be
sufficiently insulated to reduce heat demand to 30.9 kWh m-2 year-1 (see Table 5.1).

The results of the sensitivity analysis for varying Iend are given in Figure 5.8, rows (d)
and (e). For Iend = 70 kWh m-2 year-1, the heat density in the Felix Meritis neighbourhood
for scenario (I0, E+) is lower than the minimum required heat density in 2030. The heat
density for a LT heat network can therefore not be high enough for insulation pathway I0,
i.e. when insulation is performed at a constant rate from 2020 till 2050. For Iend = 30 kWh
m-2 year-1, there are no scenarios for which the heat density is high enough for a LT heat
network in the Molenwijk and Prinses Irene neighbourhoods. In these neighbourhoods
for scenario (I+, E+) the optimisation even assigned 100% of the addresses to (1b) HP
Underground, meaning that the heat demand for all addresses fell below the maximum
heat capacity posed for LT heating.

Ambitious insulation targets can thus create ‘LT-ready’ buildings, leading the heat
density in a neighbourhood to decrease below the minimum heat density required for
heat networks, possibly creating inefficiencies for in the heat supply by heat networks.
If heat networks are therefore applied, an incentive may therefore arise for not applying
ambitious insulation, restricting the further reduction of carbon emissions. Additionally,
an incentive may be to increase the heat network to a larger area which may however not
always be the solution with the lowest carbon emissions and costs. Due to the infras-
tructural inertia of heat infrastructure, implementing heat networks in neighbourhoods
where the heat density can decrease below the minimum heat density required by the
heat network can therefore lead to more committed emissions in the future than if other
heat options were chosen (Davis et al., 2010).



5

64 5. REDUCING COMMITTED EMISSIONS OF HEAT TOWARDS 2050

5.4. DISCUSSION
From the results four major insights can be drawn: (i) the committed emissions between
the years 2030 and 2050 can be ten times lower if ambitious measures for both the insu-
lation of buildings and the decarbonisation in electricity generation are taken together,
(ii) HT heat options can be part of the heat mix with lowest committed emissions, (iii) LT
heat options are optimal solutions in the more ambitious scenarios, and (iv) the mini-
mum heat density for heat networks is not always reached. In short, the results show that
the composition of future heat supply with the lowest committed emissions between
2030 and 2050 depends jointly on the rates of the insulation of buildings and the decar-
bonisation of electricity generation. In the following, it is discussed how the choice for
heat options in the mix depends on the input parameters and modelling objectives.

5.4.1. SCENARIOS WITH HIGH-TEMPERATURE HEAT OPTIONS IN THE MIX
The results in Figure 5.6 show that HT heat options are part of the mix in all scenar-
ios, and more dominantly in the scenarios with less ambitious measures for insulation.
In most scenarios considered in this study, heating with green hydrogen is the optimal
choice for minimising committed emissions between 2030 and 2050 (see Figure 5.6).
Currently, hydrogen is not produced at large scale in the Netherlands. It is, however, un-
certain whether substantial green hydrogen will be available at market-competitive rates
in the future; this is because of its dependency on the availability of renewable electric-
ity (IEA, 2021; Hoogervorst et al., 2020; Sunny et al., 2020) and the investments needed for
production and storage. The technology for producing green hydrogen, i.e. water elec-
trolysis, can respond rapidly to load variations, but has high operating expenses, making
it favourable to apply the technology when renewable electricity is abundant and costs
are low (Sunny et al., 2020). Producing green hydrogen with demand response tech-
niques can therefore support balancing the grid, but may however lead to extra costs for
hydrogen storage.

Heating with green gas may be an alternative to HT heating with green hydrogen.
The use of green gas could, when available from existing production facilities, be used as
a renewable transition fuel from heating with natural gas to heating with green hydro-
gen, while minimising committed emissions. This is because both heat options using
hydrogen or green gas can provide HT heating using parts of existing distribution infras-
tructure for natural gas (Sunny et al., 2020). The ranking of heat options with the lowest
EFaverage, if hydrogen-based heat options would not be included in the heat mix, would
be the same for all three decarbonisation pathways, i.e. (2b) UTES, (3b) Geothermal En-
ergy, and (4a) Green Gas Hybrid for the LT, MT, and HT thermal regimes, respectively. It
is however important to note that the only pathway in which the EFaverage of (4a) Green
Gas Hybrid is lower than the emission factor for heating with a natural gas boiler, i.e.
0.213 kg CO2-eq kWh-1, is E+. The application of the heat option (4a) Green Gas Hybrid
therefore only emits fewer emissions than heating with natural gas if ambitious mea-
sures for the decarbonisation in electricity generation are taken.

Green gas may also be an alternative for HT heating with other types of hydrogen. An
example of an alternative way to produce hydrogen is ‘grey hydrogen’, i.e. hydrogen pro-
duced through steam reforming with the use of natural gas. The EFaverage for heat option
(5a) Hydrogen Hybrid using grey hydrogen is 0.173, 0.209 and 0.226 kg CO2-eq kWh−1 for
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pathways E+, E0 and E− respectively. Additionally the EFaverage for heat option (5b) Hy-
drogen Boiler using grey hydrogen is about 0.427 kg CO2-eq kWh−1 for all pathways. If
grey hydrogen is applied in the optimisation instead of green hydrogen, the heat options
with the lowest emission factors for LT, MT and HT heating would be (2b) UTES, (3b)
Geothermal Energy and (5a) Hydrogen Hybrid relatively for all pathways (see Figure 5.7).
The emission factor of (5a) Hydrogen Hybrid using grey hydrogen are however between
the 2% and 3% lower than the EFaverage of heat option (4a) Green Gas Hybrid as shown
in Figure 5.7 (i.e. 0.178, 0.213 and 0.231 kg CO2-eq kWh−1 respectively). The EFaverage

of heat option (5b) Hydrogen Boilers is also only 3% smaller than the EFaverage of heat
option (4b) Green gas Boiler. Green gas could therefore be used as a renewable energy
source for HT heating instead of hydrogen while emitting around the same amount of
emissions.

The EFaverage for the heat options incinerating organic energy carriers, i.e. (3c) Biomass
Heater, (3d) Waste CHP Plant, (4a) Green Gas Hybrid, (4b) Green Gas boiler are the high-
est of all heat options in Figure 5.7. Some authors however argue these emissions can
be set lower because carbon emissions have already been sequestered from the atmo-
sphere and will be sequestered again as plants grow (Booth, 2018). Since the operational
emissions of heat production is assessed in this study, the direct emissions associated
with the incineration of organic materials is explicitly accounted for. The black verti-
cal bar in Figure 5.7 shows the EFaverage for the case in which the emissions associated
with the incineration of organic materials are not included in the analysis. The Figure
shows that the heat option (3d) Waste CHP Plant becomes the MT heat option with the
lowest EFaverage, instead of (3b) Geothermal Energy. This is also the case in pathway E+

where the EFaverage of heat option (3d) Waste CHP Plant is equal to 0.0592 kg CO2-eq
kWh-1 and therefore smaller than the EFaverage of heat option (3b) Geothermal energy.
Nevertheless, the EFaverage of (3d) Waste CHP plant is still higher than the values for the
EFaverage of (5b) Green Hydrogen Boiler in pathways E- and E0 and (5a) Green Hydrogen
Hybrid in pathway E+ leaving heating with green hydrogen the preferred heat system for
addresses well enough insulated for MT heating in the optimisation and therefore not
changing the results as presented in Figure 5.6.

5.4.2. SCENARIOS WITH LOW TEMPERATURE HEAT OPTIONS AS DOMINANT

SOLUTIONS
The results show that LT heat options can become optimal solutions for minimising the
committed emissions between 2030 and 2050 in scenarios with more ambitious mea-
sures for the insulation of buildings and the decarbonisation in electricity generation. All
LT heat options use electricity and their emission factor therefore depends on the final
emission factor for electricity in 2050, Eend (see Figure 5.5b). In this study, emission fac-
tors for electricity production are taken from Wielders and Nusselder (2020): Estart is set
to be equal to the emission factor of the electricity grid mix in 2018 and Eend the emission
factor of offshore wind energy, i.e. 14.7 g CO2-eq kWh-1. According to Dutch policy, elec-
tricity is expected to be generated from only renewable energy sources by 2050 (Ministry
of Economic Affairs, 2016). The value of wind energy is used for Eend, because it likely to
become the dominant form of renewable energy in the Netherlands (Den Ouden et al.,
2020). The renewable energy source with the highest emission factor for electricity gen-
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eration is however biomass, with an emission factor of 75 g CO2-eq kWh-1 (Wielders and
Nusselder, 2020). This number does only account for the supply chain of biomass, and
not for the emissions generated during the incineration of biomass. Increasing Eend to 75
g CO2-eq kWh-1 only changes the results discussed for pathway E0, i.e. heat option (2b)
UTES does not have the lowest EFaverage, but heat option (5b) Green Hydrogen Boiler.
Electrification of heating may therefore only be an effective way to lower carbon emis-
sions if electricity production is associated with a low emission factor.

The emission factors for most LT heat options, except heat option (2a) Residual heat
LT, depend on the amount of electricity needed to generate and deliver heat, i.e. the COP
values (see Table B.6 in B.2 for the values chosen). A COP of 5.1 was chosen for the heat
option (2b) UTES, only accounting for the energy needed to deliver thermal energy and
not to charge the storage with thermal energy. This is because heat option (2b) UTES
are often used for both heating and cooling. In this chapter, the energy needed for heat-
ing is only accounted for, leaving out the energy needed for cooling. However, during
the cooling process thermal energy is stored which can be used for winter. The recharg-
ing efficiencies given in Nuiten et al. (2019) vary between the 0.018 - 0.045 GJelectricity

/ GJthermal energy, which would lead to an increase of 9 - 23 % of the emission factor of
heat option (2b) UTES. By including recharging of the UTES system, heat option (1b)
HP underground could thus be the heat option with the lowest emission factor for path-
way E+ and heat option (5b) Green Hydrogen Boiler for pathways E0 and E-. LT heating
alternatives are thus better suited as low-carbon heating alternatives in pathways with
ambitious measures for the decarbonisation of electricity production.

In this study, a constant emission factor for electricity per year is used. The use of
heat pumps is however not constant during the year, but fluctuates per season and hour
of the day. Additionally, the temporal electricity demand for heat pumps changes when
demand response or energy storage is applied. In Neirotti et al. (2020) hourly profiles of
heat pumps and generation mix data for the year 2018 of 10 European countries includ-
ing the Netherlands were analysed, taking into account the weighted emission factor of
electricity by analysing the heat demand and the electricity grid on higher-resolution
temporal scale (Neirotti et al., 2020). The study concluded that annual weighted emis-
sion factors for electricity in the considered European countries is between the -3% and
+9.6% different from the unweighted yearly emission factors. A similar analysis to com-
pute the expected weighted emission factor for 2050 is performed for the study pre-
sented in this chapter. To do so, hourly heat demand profiles of mid-rise apartments
from Voulis (2019) was used, and the weighted emission factor of electricity was mod-
elled by weighing it with hourly generation mix data of four major energy mix scenar-
ios presented in Den Ouden et al. (2020); ETM (2020). The range of difference in the
emission factor of electricity for the use of heat pumps was between 3.0% and 10.3%.
For these heat demand profiles and scenarios for 2050, the emission factor of heat op-
tion (2b) UTES may therefore not be lower than the emission factor of heat option (5b)
Green Hydrogen Boiler in the E0 pathway depending on the mix of renewable electricity
sources used (see Figure 5.7).

The scenarios in which LT heat options are dominant, are the scenarios with more
ambitious insulation pathways, i.e. I0 and I+. One reason for this is the maximum heat
capacity imposed for LT heating which is defined based on a report by the municipal-
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ity of Amsterdam (Municipality of Amsterdam, 2020b). Up to the author’s knowledge
there are no more sophisticated ways in current state-of-the-art literature for assessing
the constraints on when a heat technology can comfortably heat up spaces including
the height of the peak demand, the heat delivery systems, and the yearly heat demand
of those spaces. Additionally heat pumps and heat delivery systems at building scale
and heat pumps are continuously being improved to provide more heating at higher
temperatures. To assess the sensitivity of assumptions made, the model was run with
a maximum heat capacity of 65 kWh m-2 year-1 instead of 50 kWh m-2 year-1, showing
more addresses could be applied to the heat option (2b) UTES in scenario (I+, E+) with
respect to the results in Figure 5.6 if the heat capacity was increased (see B.3, Figure B.5).
Increasing the maximum heat capacity of heat pumps can therefore increase the num-
ber of addresses heat pumps can be installed in. I therefore argue for adaptive planning
strategies for future urban heating systems, evaluating advances in technologies.

5.4.3. UNCERTAINTIES IN HEAT DEMAND MODELLING AND THE MINIMUM

HEAT DENSITY
Currently, it is still challenging to model the energy demand of existing buildings (Maj-
cen et al., 2013; Van den Brom, 2020). There are for example often differences in exist-
ing models (see Appendix B.1, Figure B.4 for a comparison between heat demand per
building archetype according to Netherlands Enterprise Agency, PBL Netherlands Envi-
ronmental Assessment Agency and the results presented in this study (Agentschap NL,
2011; Folkert and Van den Wijngaart, 2012)). This is because heat demand is influenced
by factors such as input data, occupancy time, indoor temperature, and family size. At
the neighbourhood level this is even more challenging considering that neighbourhoods
do not only contain residential buildings but also offices, school, restaurants, etc. (Hieta-
harju et al., 2021; Voulis, 2019). Additionally the building energy use can be influenced
by inter-building effects (Nutkiewicz et al., 2021).

Due to privacy reasons, data needed for calibration, e.g. gas demand data, is often
aggregated. This is also true for the city of Amsterdam for which data on gas demand
for households (weather corrected data) and businesses is publicly available on post-
code level for the year 2019 (Statistics Netherlands, 2021). Because publicly available gas
and electricity demand data is aggregated on postcode level, it is challenging to deter-
mine the energy consumption for heating accurately for validation. Although it can be
assumed that a fraction of the energy use is for space heating based on national averages
for households, this would assumption would not be a reliable one at neighbourhood
level. Moreover, differences in modelled heat demand and estimates from measured gas
demand are likely to arise because buildings in a neighbourhood can be significantly
different from the building archetypes, for example in size or in insulation level, or due
to different user profiles per building, including consumption patterns and family size,
affecting what fraction of household energy use is for space heating (Bogin et al., 2021).
Future research could therefore validate and improve the accuracy of the heat demand
model used for this study through measurement campaigns of heat demand specifically.
Additionally, the heat demand was modelled by using the heat demand of the ‘current’
insulation level for the building archetypes per unit of floor area, simulating a situation
where all addresses are insulated to the same state. To validate the heat demand model
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itself, more high level data is needed including the insulation measures taken per ad-
dress. Nevertheless, based on the sensitivity analysis presented in Figure 5.8, it can be
argued that the analysis does serve to assess the order of magnitude of the future heat
density and therefore to indicate whether or not the future heat density may fall below
the minimum required heat density for heat networks, which is needed to check whether
there is a change on future carbon lock-ins.

5.4.4. SYNERGIES AND TRADE-OFFS WITH OTHER OBJECTIVES
In order to legitimise and realise the implementation of low-carbon urban heating sys-
tems, it is important to analyse the synergies and trade-offs of the decarbonisation strate-
gies for heating with other objectives. One relevant objective is costs. It is important that
the implementation of new heating systems leads to affordable energy supply (Munici-
pality of Amsterdam, 2020b). Costs related to investments and operations can be loca-
tion specific and also vary over time depending on learning curves and material prices.
In Appendix B.4, the distribution of the costs for the implementation of renewable heat-
ing systems and the expected height of the costs in the neighbourhoods specifically stud-
ied in this chapter are discussed. These expected costs are based on a tool developed by
PBL Netherlands Environmental Assessment Agency in B.4. In general, early installation
of low-carbon heating systems can avoid future costs associated with carbon taxes or
stranded assets (Fisch-Romito et al., 2021; Erickson et al., 2015). Retrofits of buildings
can be economically attractive, sometimes even at net negative costs due to large im-
provements in performance and costs (IPCC, 2014b). Additionally, retrofits can also be
beneficial given changes in prices for heating due to future developments in electricity
and gas pricing and potentially CO2-eq taxing. However, advanced retrofitting of build-
ings or the installation of LT heating systems can also be more expensive than imple-
menting MT or HT renewable heating options. To support the implementation of heat
systems which are at lowest costs now and in the future, while avoiding a carbon lock-in
or stranded assets, projections of the costs of heating systems should be combined with
assessments of committed emissions as presented in this chapter.

Besides costs, it is important that the implementation of low-carbon heating systems
does not have an adverse influence on other environmental indicators. Increased use of
UTES and hydrogen can, for example, increase the withdrawal of ground and surface
water, making collaboration between the energy and water sectors vital (Kaandorp et al.,
2021a). In (De Oliveira Fernandes et al., 2021) material versus energy-related impacts of
building retrofit were analysed through a process-based Life Cycle Assessment on twenty
retrofit scenarios for the Netherlands. They show that improving the retrofitting of exist-
ing buildings can contribute to a significant reduction of environmental impacts under
the current Dutch energy mix. If more renewable energy will be used, then the energy-
related impacts will lower and material impacts will become more important in the as-
sessment of environmental impacts of the retrofitting of buildings. For example, about
10-12% of the total energy use is currently embodied energy use in standard homes for
building materials versus 36-46% in energy efficient homes, which use less energy (Koez-
jakov et al., 2018). Material-related impacts for retrofitting may therefore become of a
bigger importance in future environmental impacts assessments and policy. Addition-
ally, the materials chosen for heating systems, e.g. for the pipes of heat networks, can
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change whether most environmental impact is made during the operational phase or
other phases in the life-cycle of heat networks (Andrić et al., 2017).

5.5. CONCLUSION
To support a transition towards low-carbon heating, a computational model is proposed
in this study to find a mix of heat options with the lowest committed emissions between
2030 and 2050 under different pathways for the insulation of buildings and the decar-
bonisation in electricity generation. The computational model consists of a bottom-up
heat demand model together with a MINLP optimisation problem for finding an optimal
heat supply mix on the neighbourhood scale. From the results four main insights can be
drawn. Firstly, the committed emissions can be ten times lower between 2030 and 2050
if ambitious measures for the insulation of buildings and the decarbonisation in elec-
tricity generation are taken together. Secondly, heating systems with green hydrogen are
the optimal choice in most scenarios that minimise committed emissions. If hydrogen
is not considered as an option, then UTES, geothermal energy and green gas can provide
renewable heat sources with relatively low-carbon emissions. Thirdly, LT heating dom-
inates the optimal technology mix in the scenarios with the ambitious targets for both
insulation and electricity grid decarbonisation. Finally, LT heat networks may not always
be feasible because the minimum heat density is not always reached, creating a risk for
not attaining maximal reduction in carbon emissions.

To exploit all four insights, I argue for adaptive planning strategies for future urban
heat systems. Given the path dependence and the long life spans of energy infrastruc-
ture and building shells, carbon-intensive infrastructure may persist over time, creating
a ‘carbon lock-in’, which ‘locks out’ lower-carbon alternatives (Fisch-Romito et al., 2021;
Erickson et al., 2015). Adaptive planning that implements heat options in stages can help
avoid a carbon lock-in and, consequently, support a transition towards renewable and
low-carbon heating systems. An example of an adaptive pathway from HT heating to LT
heating is to create hybrid systems with condensing boilers and the installation of heat
pumps at the building level. With further insulation of buildings and decarbonisation in
electricity generation, the use of fuels can be phased out and replaced with all-electric
heating. Another example is designing heat networks in such a way that they can be
adapted for LT heating in the future. It is then important to consider the future heat den-
sity in a neighbourhood under different insulation pathways to evaluate business cases
for heat networks.

To improve realistic estimations of current and future heat densities on a high spa-
tial level, heat demand models need to be improved. In the model used for this study,
the heat demand was assessed with a bottom-up heat demand model extrapolating the
modelled heat demand of building archetypes of households. This method can be fur-
ther developed by adding heat demand profiles of other types of users such as shops,
restaurants and offices (Voulis, 2019). These heat demand models addressing all types of
users can then be calibrated and validated with gas use data at neighbourhood scale (Statis-
tics Netherlands, 2021). To assess which heat systems can be applied for these users,
studies need to be done to indicate the maximum heat capacity and minimum heat den-
sity of the heat systems.

To conclude, the presented four insights on the influence of different pathways for
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the insulation of buildings and electricity grid decarbonisation on the committed emis-
sions of heating systems are key for supporting policies on sustainable heating systems.
They imply that the currently technically feasible heat options with the lowest carbon
emissions may not be the solution with the least carbon emissions during the upcoming
years. This can lead to less reduction in greenhouse gases or increased costs of heating
infrastructure due to stranded assets (Fisch-Romito et al., 2021; Gross and Hanna, 2019).
It is therefore important to take into account pathways for insulation and electricity de-
carbonisation when designing renewable and low-carbon heating systems to minimise
carbon emissions and achieve climate mitigation targets.
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ABSTRACT CHAPTER 6:‘‘COMMONING PRACTICES’ FOR ENERGY JUSTICE? A PERSPECTIVE

ON COLLECTIVE HEATING INITIATIVES IN THE CITY OF AMSTERDAM’
Decarbonisation of the built environment is needed to minimise the use of fossil fuels
and abate greenhouse gas emissions. The city of Amsterdam, the Netherlands, aims to
generate all space- and tap water heating with renewable resources by 2040 and achieve
‘carbon neutral’ heating by 2050. In the city, collective heating initiatives have been
developed in which urban dwellers collaborate to achieve low-carbon heating systems.
These initiatives are important to achieve decarbonisation goals, because the retrofitting
of buildings takes place in the existing built environment where people live, work and
gather. In order to support a heat transition that fosters human well-being, the aim
of this study is to investigate the link between these collective heating initiatives and
energy justice. It is argued that the integration of concepts of energy justice and com-
moning practices can enhance a dynamic understanding of how energy justice con-
cerns are expressed and reshaped in practice. Based on this integration of concepts and
ethnographic fieldwork performed between 2019 and 2022 in the city of Amsterdam, it
is shown that collective heating initiatives can contest current logic for transitioning to-
wards renewable heating infrastructure, while at the same time opening up and closing
down spaces for different actors to come together.

Keywords: urban heating systems, energy transition, energy justice, urban commons,
commoning practices, urban anthropology

This chapter is based on the text in Kaandorp et al. (N.D.)
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6.1. INTRODUCTION
This chapter presents a study on the relation between energy justice and collective heat-
ing initiatives in the city of Amsterdam. To support this transition towards low-carbon
energy systems, the ambition is stated in the Dutch Climate Agreement (Dutch: Kli-
maatakkoord) that half of all renewable energy production on land will be owned by local
entities, i.e. citizens and companies (Klimaatakoord, 2019, Chapter Electricity). Citizen-
driven, collective forms of organisation are therefore required to reach decarbonisation
goals. Examples of ‘collective heating initiatives’ are knowledge-sharing events, net-
working activities, decision-making processes by owner associations (Dutch: vereniging
van eigenaren (VvE)), organising collective buy-in schemes of solar or infra-red panels,
or setting up energy cooperatives (Ebrahimigharehbaghi et al., 2022). Although energy
communities for electricity projects have been well studied, community-based initia-
tives for heating have received less attention in academic literature, leading to an inade-
quate understanding of general motivations and concerns, such as financial benefits and
environmental concerns, driving the individuals constituting these initiatives (Foulad-
vand et al., 2022). To fill this knowledge gap, this chapter presents a study on the relation
between collective heating initiatives and energy justice.

With the notion of energy justice, scholars evaluate “(a) where injustices emerge, (b)
which affected sections of society are ignored, (c) which processes exist for their reme-
diation in order to (i) reveal, and (ii) reduce such injustices” (Jenkins et al., 2016, p.175).
Collective heating initiatives can be driven by energy justice concerns and can be aimed
at reshaping prevailing energy justice arrangements. On the one hand, these initiatives
are formed through the collective action of individuals, and therefore reproduce exist-
ing norms and values (Fouladvand et al., 2022). They can also change power and insti-
tutional relations, reshaping the institutional bricolage and redistributing risks, rights
and responsibilities (Pesch et al., 2017). The concept of energy justice enables schol-
ars to identify how the generation, distribution and decision-making processes of urban
heating systems can be seen as unjust. However, the notion of energy justice does not
provide the analytical power to describe how energy systems are contested and actively
reshaped by collective heating initiatives (Astola et al., 2022; Van Uffelen, 2022). In or-
der to describe how collective heating initiatives contest and actively reshape the way in
which energy systems are organised in relation to energy justice, it is proposed in this
chapter to link the concept of energy justice with the notion of ‘commoning practices’,
which will be featured as a form of protest against existing justice arrangements as well
as the development of alternative arrangements (Pesch, 2021).

The verb ‘commoning’ refers to practices aimed at increasing ownership and respon-
sibilities of a community of users over resources (Feinberg et al., 2021; Foster and Iaione,
2019). ‘Commoning practices’ can therefore be understood as those ways of thinking,
doing and organising related to increasing users’ decision-making liberties, ownership,
or responsibilities over urban heating systems (Wittmayer et al., 2022). Local claims of
urban resources and city space as a ‘commons’ can consist not only of assertions of a
‘right’ to a particular resource, but can also be the expression of a “common stake or
common interest in resources shared with other urban inhabitants as a way of resisting
the privatisation and/or commodification of those resources” (Foster and Iaione, 2015,
p.284). In this sense, the notion of commoning practices can be linked with the ques-
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tion of how urban resources and spaces are organised in a ‘just way’ (see Section 6.2 for
a further discussion on ‘commoning practices’). The linkages between the concepts of
urban commons or commoning practices and energy justice are, to the author’s knowl-
edge, not widely discussed in literature. The contribution of this chapter is therefore that
it offers a heuristic approach for advancing conceptual understanding of energy justice
and commoning practices in the context of urban energy transitions.

To generate these insights, it was in this study (i) how drivers for collective heating
initiatives relate to energy justice, (ii) how collective heating initiatives can be conceptu-
alised with commoning practices, and (iii) which new insights on energy justice arise
from these commoning practices. In order to answer these questions, ethnographic
fieldwork was performed in the city of Amsterdam spread over a period between 2019
and 2022 (see Section 6.3). In the first four months of 2022, a collective energy initiative
called ‘02025’ was researched as a case study (see Section 6.4). Based on the fieldwork,
it can be concluded that commoning practices can open up and potentially close down
spaces for addressing energy justice concerns and provide alternative ways of organising
urban heating (see Sections 6.5 and 6.6).

6.2. CONCEPTUAL FRAMEWORK: INTEGRATING COMMONING PRAC-
TICES WITH ENERGY JUSTICE

In this chapter, it is proposed to integrate the concept of commoning practices with the
concept of energy justice in order to enhance a dynamic understanding of how energy
justice arrangements are expressed and reshaped in practice. The notion of common-
ing practices stems originally from the concept of the commons, which is explained in
the Introduction. The concept of ‘commoning’ is popularised by the historian Peter
Linebaugh to “describe the social practices used by commoners in the course of manag-
ing shared resources and reclaiming the commons" (Linebaugh, 2008; Foster and Iaione,
2015, p.302). The notion of commoning practices can refer to practices intended to in-
crease the influence and ownership of a community of users over resources, without
much relating it to a power struggle or against commodification (Feinberg et al., 2021;
Foster and Iaione, 2019). However, commoning practices can also challenge existing
power relations and ownership structures and can purposefully be directed against log-
ics of commodification, marketisation and privatisation (Becker et al., 2017; Von Winter-
feld et al., 2012). This is aligned with Harvey’s idea of commoning practices, movements
as “counterattack the commoditization of the urban fabric by collectively creating urban
commons (Harvey, 2012)” (Zapata Campos et al., 2020, p.1151).

Because of this contestation of existing power relations and ownership structures, it
is proposed in this chapter to use the notions of commoning practices and energy justice
in concert in order to understand current and potential controversies within energy sys-
tems. In other words, it is proposed to link the concepts of energy justice and common-
ing practices to enable analysis on how energy justice issues drive commoning practices
on the one hand, and how commoning practices can reshape energy justice concerns
on the other hand. It is conceptualised that, the notion of commoning practices can
enhance the analysis of existing energy justice concerns and how they are expressed
in practice (see Figure 6.1). Additionally, it is suggested in this chapter the concept of
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energy justice can be a useful tool to analyse the (ethical) implications of commoning
practices. Although these implications can be sketched out in terms of distributional,
procedural and recognition justice, categorisations closer aligned with the perspectives
found in this research will be used.

Energy justice arrangements can drive 

commoning practices for heating

Commoning practices for heating can reshape 

energy justice arrangements

Commoning practicesEnergy justice

Figure 6.1: Conceptual framework for integrating the concepts of energy justice and commoning practices for
urban heating systems.

6.3. METHODS
In this study, ethnographic research methods have been applied in an urban setting. The
research is based on semi-structured interviews and participant observation. In total 19
interviews were collected and 13 participant observation events took place, of which 10
were connected with 02025. In this chapter, the individuals who participated in the in-
terviews are referred to as ‘participants’. All participants have given consent for the data
collected during the interviews being processed for this chapter. Moreover, historical
accounts of heating in Amsterdam, 02025 newsletters, municipal policy documents, and
newspaper articles about the heat transition in Amsterdam were analysed (Van Over-
beeke, 2001). As I grew up in Amsterdam and started researching the heat transition
in Amsterdam in 2018, I was already familiar with existing norms and ideas of urban
professionals working on the energy transition in Amsterdam. I aimed to mitigate this
limitation by collaborating with other researchers of different nationalities and research
backgrounds.

The fieldwork for this paper took place from autumn 2019 till summer 2022. In order
to understand the narratives on energy presented in this paper, it is important to note
that the interviews and fieldwork of this research took place after the decision made in
2018 to reduce natural gas withdrawal from the gas reserves in the province of Gronin-
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gen, during the COVID-19 pandemic, and before actions such as the ‘REPowerEU’ strat-
egy of May 2022, which are targeted at reducing the reliance of European Union nations
on Russian fossil fuels (Wiebes, 2018; European Commission, 2022).

Due to the COVID-19 pandemic, the research was split into two phases. The first
part of the research was intended as an orientation phase and took place between Oc-
tober 2019 and December 2021. During this phase, interviews were held with ten differ-
ent participants: a teacher in a neighbourhood, two homeowners, an employee at the
water utility company, two employees from the municipality, an environmental policy
researcher, a research coordinator on the topic of energy in Amsterdam, and two em-
ployees at the municipality. These people were approached because of their diversity in
professional roles and living situations in Amsterdam. Seven of these interviews were
held online, due to distancing measures related to the pandemic. In order to be able to
do more in-person fieldwork, the second part of the research took place from January
2022 to April 2022. So, although spread over three years, most participant observation
was performed in a time span of four months. This research did therefore not take place
in the prolonged time span that characterises most ethnographic research. Nevertheless,
narratives shared among multiple participants were collected, and relevant information
on the drives and practices of citizens in transforming heating systems was therefore
gathered.

The research question at the start of the first phase was on how people experience
a (potential future with) diversity in heating systems in the city. From the interviews in
the first phase, it was found that energy justice concerns were mostly on how the heat
transition was organised, focusing less on the technological outcomes. A tension could
be noted between the perceptions of space heating as a commodity, e.g. supply of nat-
ural gas or thermal energy from a heat network is a paid service, and at the same time
something that should be accessible for all. Moreover, the interviews displayed energy
justice concerns on the major district heating systems in the city, and ideas on the ben-
efits of bottom-up initiatives (as described in Section 6.5.1). This is how the aim of the
study was shifted towards the notion of urban commons and, more specifically, its rela-
tionship with energy justice in the context of collective heating initiatives in the city of
Amsterdam.

In order to study collective heating initiatives, the platform 02025 was chosen as a
case study. The platform is a bottom-up initiative, started by citizens. Currently, it is fi-
nancially supported by the municipality and collaborates with multiple partners. It can
therefore also be conceptualised as an intermediary organisation connecting local in-
novation projects (Hargreaves et al., 2013). By connecting with a platform, I was able to
interview individuals who are involved with the heat transition in the city and perform
participant observation at networking events organised by the platform. Because inter-
mediaries “are able to identify common issues and problems encountered across multi-
ple local projects”, the platform enabled me to connect to a large network of actors in-
volved with the heat transition in Amsterdam, including citizen-driven initiatives, which
shaped my understanding of the dynamics between commoning practices and energy
justice on the municipal scale and not only at the neighbourhood level (Hargreaves et al.,
2013, p.869). I got access to the platform by first interviewing one of the consortium
members twice and attending an online energy breakfast. After that, an interview was
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held with the founder of the platform and who gave me permission to visit the office a
couple of times for participant observation.

In total, I did participant observation for three days at the office of the 02025 consor-
tium and two other events to which consortium members were invited. I also attended
one online and three in-person energy breakfasts. At the start of the energy breakfasts,
I introduced myself to everybody in the room stating that I was there as part of my re-
search. In this second phase of the research, nine interviews were taken: the founder
of the consortium, a consultant on the energy transition, a municipal worker on partic-
ipation for natural gas-free heating, a member of an energy committee in a neighbour-
hood, a resident who took part in a participation programme for the heat transition in
her neighbourhood, a consultant working as a consortium member, and an employee of
a tenant support agency. Two interviews were held with the latter two to get more in-
formation about their viewpoints. These people were approached because of their role
within the platform or because they solicited to be interviewed based on my call during
one knowledge session or my advert on the platform’s website.

The field notes and transcriptions of the interviews were analysed with a heuristic ap-
proach. The interviews were transcribed with transcription software and uploaded in At-
las.ti. Quotes were analysed with extracted from the transcription following an iterative
process of analysis. At the start, quotes were clustered asking how the current heat tran-
sition is problematised by the participants, and how collective heating initiatives were
legitimised and operationalised. In order to study the link between commoning prac-
tices and energy justice, the transcriptions and field notes were analysed by focussing
on (i) how collective heating initiatives can be seen as to ‘common’ the urban heating
infrastructure, and (ii) how do commoning practices relate to claims and activities for
energy justice.

In order to answer the first question, activities which were aimed at increasing users’
ownership or input over urban heating systems and the heat transition itself were con-
sidered. It was not the aim of this study to provide a general representation of all activ-
ities and narratives existing concerning the energy transition in Amsterdam. Neverthe-
less, the aim was to reflect on how these initiatives take place and shape the transition
towards renewable urban heating in the city of Amsterdam. In Section 6.5.2 an account
is given on activities of the platform which were recurring in multiple events and inter-
views. In order to answer the second question, parts of the interviews in which the par-
ticipants explicitly used the terminology of energy justice or when the concerns raised
could be linked to distributional, procedural or recognition justice were used. The par-
ticipants were made aware before the interviews that energy justice was a theme in this
research.

6.4. CASE STUDY: COLLECTIVE HEATING INITIATIVES IN AMS-
TERDAM

As stated in Section 6.1, the fieldwork of this study is centred on a network called 02025.
The name 02025 stands for zero emissions (first 0) in region 020 by 2025. There are dif-
ferent ideas on what 02025 is, being for example a brand, movement, website, platform,
or learning circuit. The platform started in January 2018 and came forth from another
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citizen-led initiative that had started in 2011. Since 2018, 02025 is not only the name
of an initiative, but also of a consortium. The consortium consists of six to seven indi-
viduals affiliated with consultancies, non-governmental organisations, and engineering
companies. The consortium is partially funded by the municipality, because, accord-
ing to a consortium member, “the city of Amsterdam thought that well, it’s a great plat-
form, but there is nothing that makes it grow, makes it stronger, makes it better [. . . ] [it]
needed to be scaled up”. The consortium aims to help neighbourhood initiatives and
urban dwellers by answering technical questions, supporting communication with enti-
ties such as the municipality, helping to get projects funded, and connecting people with
others in their social network of around 8000 people. Knowledge is spread individually,
i.e. people can contact people from the consortium itself, but also through the platform
of the website, and through knowledge sessions.

Regular events that are organised by 02025 are the monthly ‘energy breakfasts’ (Dutch:
energieontbijt). Energy breakfasts were described by a consortium member as one of
the stable pillars of the organisation. Energy breakfasts are visited by 20 to 150 peo-
ple. The scale of the networking events changed over the years. Before it was on a city
level, but now, because of the growth of the platform, the scale became larger. During
times of lock-time due to the COVID-19 pandemic, online meetings were held. At the
energy breakfasts, multiple stakeholders for the decarbonisation of heating attend. The
founder of 02025 described that 02025 collaborates with eight ‘spheres’ (Dutch: kringen),
presented in Table 6.1.

Table 6.1: Eight ‘spheres’ around the 02025 initiative.

Spheres Description
Front-runners (Dutch: ko-
plopers)

Front-runners can be typified as people who strive to create
more clean energy use in the neighbourhood. According to
the homepage of 02025: “02025 connects a community of front-
runners in the Amsterdam Energy Transition who help each other
to make their city sustainable in a more effective way”.

Energy collectives (Dutch:
Energie coöperaties)

Based on the information from 02025 there are around 50 en-
ergy collectives in the city including collectives focused on elec-
tricity production.

Local hubs Places where people work and come together. During the en-
ergy breakfasts, these hubs are discussed and promoted. Events
of 02025 are organised at these hubs, which are also being pro-
moted through the 02025 website.

Energy commissioners
(Dutch: energiecommis-
sarissen)

These are volunteers who act as a contact point per neighbour-
hood (often divided by postcode level).

OranjeEnergie A cooperative of entrepreneurs, owner of the brand 02025.
Partners Organisations who support the goal of clean energy.
Young02025 (Dutch:
Jong02025)

Students, young professionals who collaborate for clean energy.

Supporters Individuals who support the goal of clean energy but are not yet
actively engaging with the transition.
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6.5. COMMONING PRACTICES AND ENERGY JUSTICE CONCERNS

IN AMSTERDAM
In this chapter, it is interrogated how the concept of ‘commoning practices’ can deepen
an understanding of collective heating initiatives in the context of energy justice. Firstly,
Section 6.5.1 describes how collective heating initiatives in Amsterdam are driven by en-
ergy justice concerns and propose alternatives to ‘the rules of the game’ (arrow to the
right in Figure 6.1). Secondly, it is discussed in Section 6.5.2, how activities organised
by members of 02025 can be seen as commoning practices and how new energy justice
questions arise from these activities (arrow to the left in Figure 6.1). Overall, the results
shows that commoning practices can open up and potentially close down spaces for col-
laboration between urban dwellers, urban professionals, and government officials for
addressing energy justice concerns. It is therefore argued in this chapter that using the
notions of commoning practices and energy justice in tandem can bring a more dynamic
understanding of how energy justice concerns and wishes are continuously shaped in
practice.

6.5.1. FROM ENERGY JUSTICE TO COMMONING PRACTICES: CONTESTING

HOW THE HEAT TRANSITION SHOULD BE ORGANISED
We went upstairs. I got a tour of the house to see all the adaptations that were made to
lower the gas demand for heating. The view from the attic was partially blocked by a heat
pump and a solar boiler which were standing next to the sedum roof cover. A mechanical
ventilation system was hidden behind panels next to the desks of the home office. Down-
stairs it was also noticeable that a lot of interventions were made. A heating unit the size of
a tall fridge was installed and the light reflected in the triple glass windows. On the couch
in the living room, she told me that she had been active for years in the participatory pro-
cesses of the municipality in her neighbourhood. She said: “In the beginning, a couple of
people had a feeling of ‘something is not right, you say you want to have a discussion with
us, but you want something’. And that feeling has never faded away”. Of course, she and
her husband had gone far in retrofitting the house in order to use less energy and have a
more sustainable house, but also to avoid they could ever be forced to be connected to the
heat network in the city: “I was also following the legislative agenda. Like, what is going to
happen and when? Because the point was continuously brought forward of being forced
[to connect to the heat network]”.
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Figure 6.2: View from roof of retrofitted house. From left to right: solar boiler, heat pump and sedum roof cover
(picture by first author).

JUSTICE CONCERNS ON PUBLIC-PRIVATE PARTNERSHIPS

The vignette above shows that residents can be driven by multiple concerns to retrofit
their houses. Such concerns include not only climate change, but also critical thoughts
on decision-making processes in the city. Most participants in the interviews mentioned
their motivation to abate CO2 emissions and climate change as a primary reason to par-
ticipate in activities which transform heating systems. One participant even explicitly
associated the transition towards low-carbon heating with climate justice. The goal to
reduce CO2 emissions can sometimes go hand-in-hand with the ambition to phase out
the use of natural gas for heating, but can also be hindered by it. The replacement of
natural-gas-fired heat boilers at the household level by a heat network distributing ther-
mal energy from the incineration of gas, waste or biomass is, for example, contested
in Amsterdam. This is because such a heat network can be considered to be less sus-
tainable given the associated CO2 emissions and material flows. Additionally, partici-
pants showed concerns about a potential ‘carbon lock-in’ when implementing such a
heat network. A carbon lock-in means that possibilities to reduce CO2 emissions in the
upcoming decades may be limited due to the dependency of these networks on high-
temperature energy sources such as the incineration of fuels.

Besides concerns on specific heating technologies, different ideas on the order of
technological interventions which support energy justice best were found. The project
called the ‘Heat Motor’ (Dutch: Warmtemotor) is an agreement between the municipal-
ity of Amsterdam, heat companies, and housing corporations which is aimed at con-
necting areas with predominantly social housing to the heat network first, in order to
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support families with lower incomes and to create jobs in those areas. District heating
can be seen as a good heat option because individual heat pumps, which are a low-
carbon alternative, often need a lot of space indoors and a connection with outdoor
spaces. This is often not desirable in smaller dwellings. A heat network, which has the
potential to become a low-carbon heating alternative in the future, is therefore often
preferred for social housing by social housing corporations and the municipality. From
the perspective of somebody from the municipality, the further expansion of the major
heat networks in Amsterdam instead of other decarbonisation measures, such as insu-
lation, was perceived as a rapid way to transition towards low-carbon heating systems,
because expanding the heat network and working together with housing corporations
is momentarily a straightforward thing to do for the municipality. Additionally, partici-
pants working at the municipality argued to continue the expansion of the heat network
in neighbourhoods where significant renovation on underground or surface infrastruc-
ture is needed, or planned by people in the neighbourhood. The logic presented to me by
a municipal civil servant was that heating systems could be first changed and that then,
at “natural moments”, buildings can be further insulated, lowering the thermal regime of
the heat supply system at a later stage. This is however sometimes contradictory to what
participants believed to be the cheapest and most sustainable solution, i.e. insulating
first and then installing a heating system at a low thermal regime. Additionally, it can
raise concerns about how to distribute renewable heating systems over the city in a fair
way and whose costs will be reduced first.

Moreover, several concerns were found that addressed the distribution of benefits
and costs of the main heat networks in the city of Amsterdam. Participants in the in-
terviews contested that one international company exploits the network, meaning that
households connected to the heat network pay this company for space heating. Multiple
media outlets and participants referred to this construction as a ‘monopoly’, leaving less
room for alternative providers of thermal energy1. Moreover, the audit office of the city of
Amsterdam advised re-evaluating the joint venture Westpoort Warmte because this had
not structurally been done in the past (Rekenkamer Metropool Amsterdam, 2018). Ad-
ditionally, one participant questioned why the money residents pay for heating should
go to an international company, instead of keeping funds within the neighbourhood. An
urban professional also said that there are signals that people do not appreciate com-
mitting for a long term to one company which is experienced not to be transparent. The
urban professional argued that space heating should be organised locally in order to
limit long-term insecurity which comes from non-transparent companies. Some there-
fore envision that it would be a good solution if heat providers are utility companies who
are transparent about their finances and have profits limited.

Considering justice concerns and the decision-making processes, participants in the
interviews perceived decision-making processes in the city as rather top-down than bottom-
up. From interviews with municipal officials and urban professionals, it was found that
participation can be seen as a tool to create and increase public acceptance (Dutch:
draagvlak). Additionally, participation was seen as a way to listen to what people want,

1For example: ‘Stadsverwarming in Amsterdam-Noord: plan lag er al’. Episode political series ‘De Hofbar’,
broadcast on 30-09-2020 on the Dutch public broadcasting system, and ‘Zondag met Lubach: Nederland
gasvrij’. Season 12, episode 8. Broadcasted Sunday 8-11-2020.
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and create a plan which suits most people. The team ‘natural gas free’ (Dutch: aardgasvrij)
of the municipality asks people in neighbourhoods whether they believe that the ‘pre-
ferred’ warmth solution or heat option stated in the Transition Vision Amsterdam is also
the best solution system (see map in Figure 3.1). However, the difficulty is that these
stakeholders can never be a full representation of the whole neighbourhood. A partici-
pant working at the municipality said that they are still searching for good ways to make
decisions based on a good view of what the minority and majority in the neighbourhoods
want. Another municipal civil servant changed from saying “participation with inhab-
itants” to “participation with homeowners” because the municipality can mostly only
talk to building- or homeowners, since those make the decisions. In 2020, a participant
told me that the municipality often starts the conversation with housing corporations
because they own a lot of houses in the neighbourhoods. However, tenants sometimes
also want to talk directly to the municipality instead of through the housing corporation.
A participant thought that a lot of people do not like that housing corporations have
scaled up and are more business-oriented in the last 20 years. The same municipal civil
servant said that participation often is in the format of informing or asking questions
to inhabitants of a neighbourhood, and that most ‘co-creation’ happens with the hous-
ing corporations. However, the civil servant did not like to call that co-creation because
co-creation normally refers to collaboration with residents. In two neighbourhoods with
heating cooperatives the municipal civil servant said one can talk about real co-creation.

The majority of the participants perceived that the agreements between the munic-
ipality and energy companies to expand the heat network obstructed the participatory
processes of the municipality. Because of existing agreements, the municipality can be
perceived as being limited by its options. One participant, for example, said there was
a struggle within the municipality because they have a contract with the company Vat-
tenfall but at the same time want to be “a social and democratic city, which is absolutely
contradictory to what they are doing”. The same participant also said: “everything is al-
ready decided and we have nothing to choose and you are forcing this on us and we don’t
want it and you’re not listening to what we want. [. . . ] But it doesn’t seem to be transpar-
ent or make any logical sense, right, to get this newly built environment of Sluisbuurt on
the heat grid. Nobody ever would imagine they make such a decision in this city. And so it
feels like Mafiosi to me.”. Another participant stated: “The municipality seems to give the
power of choice to the residents, but it is clear that the municipality has a preference for
the implementation of district heating at high temperature. It therefore feels like a little
play, those consultation rounds”. And one participant also linked the agreements explic-
itly with energy justice by saying: “And in my view: as long as this entanglement between
municipality interest and the interest of Vattenfall exists, you cannot do anything about
participation and about justness. It is just undoable”.

‘COMMONING’ THE ORGANISATION OF THE HEAT TRANSITION

The energy justice concerns described in the previous section can be argued to be di-
rected against the logics of commodification, marketization and privatisation of heating.
As an alternative, collective heating initiatives are brought forward as presenting alterna-
tive forms for organising (the transition towards) low-carbon heating systems, such that
the influence on decision-making processes and ownership of urban heating systems
of the users themselves is increased. In this chapter, collective heating initiatives are
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therefore conceptualised as commoning practices that contest the prevalent rules of the
game in the energy system, which seem to stimulate energy technologies that are sus-
ceptible to lock-ins, procedures that are top-down, technocratic, and with agreements
with incumbent companies and organisations which hinder participation processes. In
the following, it is discussed how collective heating initiatives are imagined as beneficial
alternatives to ways to organise (the transition towards) low-carbon heating systems.

One motivation for local heating initiatives is to gain more control and transparency
over heat provision. This is reflected in this quote: “The added value of a co-operative
is that you have and keep authority [Dutch: zeggenschap]. That is where it goes wrong
with companies [. . . ] you don’t have any say there. You don’t have a share [...] with which
you can say ‘I find the heat tariff too high, so I vote, I send the committee away or I vote
against the raise of the heat tariff.’ You don’t have any influence”. Local heating initiatives
invest in their own area and can distribute the costs, cutting out the margin that a com-
mercial party would ask. One of the consortium members hoped that in the future the
whole heat network in Amsterdam will for half be in the hand of commons. He linked
the idea of local ownership with trust: “of course, there have to be professional parties
who run that network [. . . ] But I think as a citizen of Amsterdam, you should be one of the
stakeholders of the network [. . . ] the role of the commons is important because you need
to trust the system, and if you own a part of it, you have to trust it. You also trust your own
car because it’s yours. [. . . ] If you own it, you probably trust it, so that’s going to accelerate
the spreading of these kinds of networks”.

Other participants believed as well that collective heating initiatives can help to ac-
celerate the energy transition. One reason for this is that there can be more trust in or
inspiration from local actors instead of the municipality or parties that have an interest
in certain heat technologies. The following quote illustrates this point: “You can see that
when residents do that, it goes much better. That people are inspired by their neighbours
and not by their housing association, so to speak. So that’s why, I’m a bit impatient by
nature, so that’s why I don’t like working at one large organisation. Because it all takes
forever”. Another participant said: “I think that the organisation of residents goes quicker
if residents play a bigger role in it themselves”. Similarly, one participant said the best
way to accelerate the energy transition is to choose the heat technology with the highest
support in local communities rather than the solution with the lowest total costs. In the
same line of thought, other benefits were also associated with local energy systems, such
as self-sufficiency in energy supply. Another participant thought that having local heat
sources would be good because this may increase awareness of where the energy comes
from potentially resulting in a decrease in energy usage.

In other words, participants believed that neighbourhood initiatives are often good
platforms to reach out to people and connect people. This is because they make use of
other networks and communication channels than the municipality. Additionally, peo-
ple in the same neighbourhood can feel more related to a person from the energy co-
operative of that neighbourhood and believe that their interests may be more aligned.
Residents themselves can have more knowledge and feel for what people in the neigh-
bourhood find interesting or not and therefore whether a plan will catch on. These in-
terests can also be connected to non-energy-related topics. Locally organised initiatives
can “stay with the trouble”, such as rats, rising house prices or windmills, “optimise for
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‘societal value’” (Dutch: maatschappelijke waarden), and make use of the “local intelli-
gence” present in neighbourhoods. Moreover, creating neighbourhood projects can also
enhance that people come together, talk about their neighbourhood, and enlarge citizen
engagement.

To conclude, the energy justice concerns discussed in Section 6.5.1 show that there
are energy justice concerns related to transforming urban heating systems in Amster-
dam and that collective heating initiatives are envisioned to make positive contributions
to neighbourhoods. These initiatives increase the control and ownership of users over
energy systems and can therefore be conceptualised as commoning practices. In the
following, some explicit examples of activities from the case study which support collec-
tive heating initiatives are given. It is furthermore discussed how these activities can be
seen as commoning practices and how these practices dynamically shape energy justice
arrangements.

6.5.2. FROM COMMONING PRACTICES TO ENERGY JUSTICE: OPENING UP

AND CLOSING DOWN SPACES FOR COLLECTIVE ACTION
It was still buzzing in the room. The lines on the floor and the gym rings hanging from
the ceiling gave away that the event took place in the old gym room of a renovated school.
Vintage chairs were placed facing the stage. The back of the stage was lit with tall window
doors leading to a small garden with grey bricks and plants in their winter state. In the
middle of the room, a table was filled with fresh fruits, croissants and coffee. The event
started with a name round orchestrated by a host passing down the microphone from one
person to the other. It had to be short because the whole audience consisted of over 40 peo-
ple. Different reasons for attending the event were mentioned: entrepreneurs searching
for a connection with the municipality, frustrated tenants wanting information and stu-
dents wanting to start a business. The host made a remark as: “oh okay nice, you should
talk to that person after the presentations” or a joke like “ah, it is good that we are be-
ing researched” after learning that there were two researchers in the room. After the name
rounds, a couple of PowerPoint presentations and pitches were given. The presentations of
the day were about how the renovated school acted as a hub for projects in the neighbour-
hood, the activities from the municipality, the upcoming labour market, organised to link
people looking for a job with jobs in the energy transition, and the fix brigade who visits
homes of people with small budgets to perform small insulation measures. I felt active
and happy to be part of a group coming into action.

COMMONING PRACTICES WITH MULTIPLE COLLABORATING PARTIES

The vignette above shows an account of an energy breakfast. A place where people come
together to engage with the energy transition by sharing knowledge, posing questions or
networking. In the following, it is argued that these and other activities organised by
02025 open up spaces for collaboration among multiple actors, creating common (fi-
nancial) tools, and sharing knowledge to transform the decarbonisation of space heat-
ing collaboratively. These ways of thinking, doing and organising are conceptualised
as commoning practices because urban dwellers can get opportunities to increase their
influence on the heat transition in Amsterdam or their ownership over urban heating
systems through such ways of thinking, doing and organising (Wittmayer et al., 2022).
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A first example of how collaboration among parties is supported, is that the events
open up spaces for collaboration among individuals. Participants described 02025 mostly
as a place to network and connect with like-minded people who are doing similar things
in the energy transition. One participant described the case study initiatives as an al-
liance between front-runners and additionally an enjoyable (Dutch: gezellige) meeting
place for everybody who wants to collect some “feel good" energy about the energy tran-
sition. It’s a place where people share their ‘good’ activities, and the content of the pre-
sentation is of good quality. One participant described how this supported him in a pro-
cess, doing things by himself, and finding people all over the city with similar experi-
ences. Another participant did not go to many events due to limited time, but followed
the newsletter and blogs for information. She thought that it was a nice platform to share
the findings of the project which she was involved with.

Secondly, the events open up spaces for collaboration between urban residents and
other entities. Multiple participants could not exactly describe what the 02025 does in
the city, but one participant suggested that this may be a good thing, because it creates
a space where people can interact without the formal roles between citizens and formal
entities. An example of a collaboration between collective heating initiatives and ur-
ban professionals is that citizen-driven initiatives may enjoy the presence of an external
consultant to validate their ideas. Additionally, not all collective heating initiatives want
to start an energy cooperative or professionalise, but want to outsource parts of their
projects or organisation to urban professionals.

Thirdly, the consortium of 02025 aims to facilitate the collaboration between collec-
tive heating initiatives and the municipality by working on a common story-line, point-
ing out hurdles in the decarbonisation of the built environments, and providing possi-
ble solutions, such as creating job certainties for technicians or organising events where
people can find jobs in the energy sector. Multiple participants described that the mu-
nicipality was both facilitating and hampering collective heating initiatives. Plans of
neighbourhood initiatives can be different, e.g. in pace, than plans of the municipality.
This does not directly imply that there is disagreement in the ideas between local heat-
ing initiatives and the municipality, but that people active in local heating initiatives can
feel slowed down or hampered. One participant suggested that the municipality can give
more trust to initiatives that have formulated the same goals as the municipality.

At last, the consortium aims to tell the community and the city of Amsterdam how
much work is needed for the decarbonisation of the built environment, and to give all
voluntary work and work from cooperatives more status by creating one bigger entity.
In such a way collective heating initiatives can lobby for more status, resources and ca-
pacity. According to one participant, the total sum of buildings that fall under energy
cooperatives is significant and the cooperatives should therefore be given more status.
Citizen initiatives are picking up but experience mainly a lack of institutional support.
The participant argued that the collaboration between government and industry is well
established, such as the language and procedures for reporting and writing grants. The
collaboration between the government and companies with collective heating initiatives
is less well-established. This can, for example, lead to the feeling of individuals in col-
lective heating initiatives not being taken seriously by energy suppliers when proposing
aqua thermal projects and local heat provision. So participants from the consortium and
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collective heating initiatives were thinking about how to organise themselves to make
sure that they are trustworthy and long-term partners for the municipality. One partici-
pant said that it is needed that ‘blueprints’ come available, because now it takes a lot of
time to start an energy cooperative and get it funded by banks.

The spaces to collaborate can be conceptualised as a ‘commons’. According to one
of the founders of 02025, a commons can be something that is shared, but with rules.
She conceptualised the commons as a space where people leave behind their own inter-
ests and collaborate for one common goal. Figure 6.3 was presented by 02025 during an
online conference on ‘Cooperatives make the city’ in the city of Amsterdam. The com-
mons is depicted in this figure as a space where different ‘stakeholders’ come together
for a common goal. Because commoning practices are conceptualised in this chapter as
those activities increasing users’ influence and ownership, it is argued that events aimed
at creating such common spaces, such as energy breakfasts, can also be conceptualised
as commoning practices. As described previously, energy breakfasts can open up spaces
for contesting current relations between citizens, urban professionals and governmental
organisations and reshape these relations.

DESIGN COMMONS 02025

Goal: Amsterdam 
frontrunner clean 
energy in 2025

1. This goal is leading (not
money, politics or other
ideals)

2. We work area-specific
3. We are trustworthy
4. We are radically open
5. We work with all

stakeholders
6. And on equal footing

Companies
Government

Citizens
SupportersYoungsters:

250 fifth grade classes

Frontrunners

Table

cooperatives hubs Energy commissioners

02025 consortium

Main 
entrance

Figure 6.3: Translated slide from a presentation by the founder of 02025 envisioning 02025 as a commons with
different players in the stadium (Edited picture from 02025).

Financial means can also be conceptualised as commons and practices to restruc-
ture schemes for subsidies as commoning practices. One participant thought it was good
that neighbourhood initiatives can get paid by subsidies, because it takes time to do re-
search, meet and organise. Another participant added that giving money to volunteers
in a neighbourhood can enable people to spend time on the project and create a more
equal footing with other professionals. One participant additionally suggested that pay-
ing people to attend a meeting can create a sense of duty. One participant found it unfair
that some projects get millions of euros of funding from governmental bodies whereas
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others do not, or only get 5000 euros with a lot of effort. The participant argued for a
fund which is accessible for multiple initiatives and in which financial means for renew-
able heating initiatives are managed collectively and distributed based on mutual trust
and should be accessible. The participant argued that in such a way heating collectives
themselves can allocate funding based on needs. Other participants disagreed with this
idea using the argument that the municipality cannot give everybody money who wants
to start with an initiative for sustainability. This is also because the municipality also
needs to allocate money to support other causes.

Information can also be conceptualised as a commons. A member of the consor-
tium stressed that the space to work on the energy transition should be accessible for all
and connected that idea with the notion that the sharing of knowledge should be free.
Because the consortium members of 02025 do not sell energy technologies nor work di-
rectly for the municipality, they argue that they can function as independent advisers
for urban dwellers who want to take part in the energy transition. Sharing knowledge
for free was in one interview also connected with the notion of justice: “We also find it
important that the energy transition is accessible for everybody. You know, this is why our
energy breakfasts and knowledge sessions. It is always free. If you call us with: ‘Could
you please help me?’. You never need to pay for that. And that is of course because we
work, you know, with other volunteers. People from energy cooperatives who gladly want
to share their knowledge. That is justice in the city”.

To conclude, the outcome of commoning practices related to 02025 are not necessar-
ily performed by urban residents alone, but are in engagement with urban professionals
and municipal officials. By its networking events, 02025 may therefore be viewed as an
intermediary in the development of “consolidating, growing, and diffusing novel [grass-
roots] innovations” (Hargreaves et al., 2013, p.868). In other words, rather than fully
transferring the input and ownership of urban heating systems to users of the system,
commoning practices can open up spaces for collaboration between different actors in-
cluding the municipality and businesses, and therefore reshape the interaction, spaces
and rules between urban dwellers, professionals and municipal officials.

NEW ENERGY JUSTICE QUESTIONS FROM COMMONING PRACTICES

In the previous sections, a description is given on how participants link collective heating
initiatives with an increase in energy justice. However, collective heating initiatives ac-
tively reshape public-private-civic relations, which may induce new energy justice con-
cerns. Collective heating initiatives require time, money and the ability to go through
complex documents from its members. Cultural-economic status of residents may there-
fore affect who has more influence or can engage with collective heating initiatives, cre-
ating disparities in the city. These disparities can be avenues for further energy justice
research because they indicate potential inequalities in access to procedures of decision-
making, institutionalised patterns of cultural value which prevent participatory parity,
and unequal access to energy sources on an urban scale. By looking at commoning prac-
tices of collective heating initiatives, in this section, it is explored how inequalities in the
city may potentially be (re)produced.

A first disparity is a perceived lack of diversity among people that organise or actively
engage with collective heating initiatives. This disparity was mentioned during multiple
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interviews or events. People who do actively engage with collective heating initiatives
were often described as white, theoretical educated, male and retired. One participant
even typified this group of people as ‘dark green’, i.e. people who have the capability to
free up time, are mentally available for the task, have a good social network, technolog-
ical know-how, and want that the transition towards low-carbon heating takes place at
a higher pace. It was also thought that this is only a small part of the society with these
capabilities and wishes. As a solution to this question on diversity, a member of 02025
said that they are working hard to reach a more diverse group of people, especially to
make sure that people who live on a smaller daily budget can come to ask for advice.
Additionally, during a knowledge session on ‘how to engage with the neighbourhood’
a participant reasoned that residents in a neighbourhood can have different affinities,
maybe typical ‘doers’ engage more with activities such as cleaning up the streets, and
the thinkers go more to the energy committee. Tellingly, another participant reasoned
during an interview that it is important to have a diversity of projects to engage with a
diverse group of people. On an urban scale, an interviewee questioned how the munic-
ipality can make sure to not only engage with the ‘front-runners’ and people who are
protesting against things, but with the majority of people.

A second disparity is on the potentially uneven spatial development of collective
heating initiatives, considering that not in every neighbourhood active energy commu-
nities arise and continue to exist. This is in line with the idea that significant difficulties
have been defined for grassroots innovations like community energy to survive (Harg-
reaves et al., 2013). One participant answered the question whether every neighbour-
hood should have a neighbourhood initiatives “No, for sure not, [in those neighbour-
hoods] there are people who live there for 40, 30 years, who are well, highly educated, in
the work field itself, they can organise it in this way with each other. A couple of retired
people, who have a lot of time and are smart and still have a good network. In [the other
neighbourhood] you have that as well. People who are well established in the network re-
lated to ‘energy world’ and local politics and, yes, I think that it is something for the highly
educated neighbourhood”. Moreover, the financial situation of residents in the neigh-
bourhood can create uneven spatial development of collective heating initiatives. One
participant told me the story of how the owner association of the building in which the
participant lived, i.e. an apartment building of four stories high with approximately eight
apartments, went through the process of deciding what to do now the boiler needed an
update. Similarly to other homeowners in the Netherlands, they experienced costs of
retrofitting work and insecurity about the plans of the municipality as barriers to taking
action and decided to wait (Ebrahimigharehbaghi et al., 2022).

A third concern is how representative the members of collective heating initiatives
are of the residents of the region or buildings within the spatial boundaries of the initia-
tives. Collective heating initiatives may not be representative of all residents because of
multiple reasons. Firstly, residents may not identify themselves with that specific neigh-
bourhood, but rather like the anonymity of the city. Secondly, there can be multiple
buildings within the neighbourhood that people of the committee may inhabit. Thirdly,
residents of the neighbourhood may also have the feeling that their individual wishes
may not be incorporated or pursued by the neighbourhood initiative. They can for ex-
ample have the feeling that the group organising neighbourhood events can already have
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prefixed ideas. Alternatively, residents may find it hard to be sceptical or critical because
they do not want to be excluded from the project. One participant thought that the core
group of a collective heating initiative was motivated to abate CO2 emissions for climate
as soon as possible and therefore not critical towards the technical options or “blinded
by the idea of free heat”. Another participant was describing the situation in another
neighbourhood as a movement in which people who did not follow the line of think-
ing of the local heat initiative were excluded from the project and frowned upon in the
streets. Fourthly, not everybody is as engaged or wants to be as engaged.

At last, the spatial development of collective heating initiatives is influenced by the
physical situation which varies between different areas of the city of Amsterdam. For ex-
ample, one participant described that in some neighbourhoods a neighbourhood house
is located. This can make it easier to support a neighbourhood initiative, because efforts
can be made more visible and known. Another participant stated that his neighbour-
hood had clear boundaries because it was surrounded by water. The identity of that
neighbourhood was also shaped by the fact that only three decades ago the area was re-
developed, shaping the demography of people currently living there. Similarly, there can
also be reasons which make it more difficult to collaborate. A participant for example did
not think a neighbourhood initiative would work because there were too few households
to have an efficient collective solar power or heating system in their neighbourhood.
Another reason mentioned was that nearby buildings were in different states of mainte-
nance. Nevertheless, uneven spatial development may, according to one participant, not
necessarily be negative, because it can be a good inspiration for other neighbourhoods.
The municipality or housing corporations can learn from citizen-driven initiatives about
“how it is organised from a resident perspective”, and therefore inspire how energy justice
concerns may be solved.

6.6. CONCLUDING REMARKS ON COMMONING PRACTICES AND

ENERGY JUSTICE
The main aim of this chapter is to contribute to the understanding of collective heat-
ing initiatives in the city of Amsterdam in relation to energy justice. The technological
changes needed to achieve political ambitions for reducing fossil fuel use and green-
house gas emission create opportunities for rethinking how urban energy supply is or-
ganised, not necessarily following a strict market logic, but also creating space for em-
powering local communities. In this chapter, it is analysed in which way collective heat-
ing initiatives can be seen as ‘commoning practices’ contesting current relations be-
tween governmental bodies, businesses and urban residents, pursuing new forms of lo-
cal autonomy, physical heating infrastructures and decision-making procedures. The
ethnographic fieldwork has shown that (i) there are energy justice concerns related to
transforming urban heating systems in Amsterdam, (ii) collective heating initiatives are
envisioned to make positive contributions to neighbourhoods, increasing control of users
over energy systems and other local issues, (iii) commoning practices can open up spaces
to contest and reshape current relations between citizen-led, public and private parties,
and (iv) new energy justice challenges do also arise from citizen-driven heating initia-
tives.
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For further research, the concept of energy justice could be used to support estab-
lishing commoning practices which contribute to ‘just’ heating systems. Commoning
practices dynamically shape and reshape the energy infrastructure and therefore en-
ergy justice arrangements. The new realities created by commoning practices do there-
fore not necessarily improve energy justice, but can shape or create new structures of
marginalisation. The following questions could therefore be asked to study which in-
justices may occur through commoning practices. Can neighbourhood initiatives cause
processes of in- and exclusion of people from decision-making? How to enforce demo-
cratic ways of decision-making? What are the risks associated with commercialisation or
enclosure of neighbourhood-based heating initiatives? And, does a focus on the neigh-
bourhood create or reinforce spatially distributed injustices? Moreover, this study only
considers local conceptions of energy justice. To study the potential injustices that may
occur through commoning practices, experienced injustices arising from the extraction,
processing, transportation and disposal of energy resources in other parts of the world
outside the Netherlands should also be included (Healy et al., 2019).

To conclude, the notion of commoning practices can help to discern users of infras-
tructures as active actors, which drive developments in the city, and enable to describe
processes in which citizen-driven initiatives gain influence or responsibility over (the
decision making of) infrastructures. It has been shown that commoning practices may
be based on, run into, shape, and potentially create energy justice issues. Based on these
insights, it is argued that the concept of commoning practices can enhance a dynamic
understanding of how ideas on energy justice shape and are shaped by collective heating
initiatives for urban heating systems (see Figure 6.4). Analysing the drives and practices
of these initiatives can therefore help to display how urban developments are contested,
potentially empowering the actual users of these systems, and working towards ideals of
just policies and practices.
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Collective heating initiatives can increase the influence of users in the 
heat transition. Through commoning practices, they create spaces 

for expressing energy justice claims and provide alternative 
ways of organising renewable and low-carbon 

urban heating systems.

Commoning 
practices

Municipality Industry

Users

Municipality Industry

Users

Collaborative space

Figure 6.4: Conceptual representation of the link between collective heating initiatives and energy justice in
the city of Amsterdam. Commoning practices can increase the influence of users in the heat transition by
responding to and shaping (new) energy justice challenges.





This thesis presents an exploration of social-environmental-technological 
transformations caused at multiple scales by a transition towards low-
carbon and renewable heating systems in the city of Amsterdam. To study 
these changes and generate perspectives on both physical and socio-
political contexts, it is proposed in this thesis to complement nexus studies 
with social science research methods. Furthermore, this thesis was not only 
intended to be a study on transformations, but also to positively contribute 
to transformations towards ‘safe and just’ urban heating systems 
(Raworth, 2017). In this chapter, this work is therefore discussed guided by 
the framework on ‘transformation research’ as defined by Hölscher et al. 
(2021). Last, an outlook on potential future avenues building upon this thesis 
is given.
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7.1. SYNTHESIS OF RESEARCH
The aim of this thesis is to provide multiple perspectives on how urban sustainability
transitions interact with social-environmental-technological transformations at differ-
ent scales. This is done to inform how potential negative effects associated with those
changes can be minimised. Due to the different ontological qualities of what can be
traced and what is measured, it is proposed in Chapter 2, to complement nexus research
with social science research approaches inspired by political ecology, interrogating ques-
tions of power, situatedness and mutual interaction between society, technology and na-
ture. Moreover, it was proposed to take infrastructures as unit of analysis to trace social-
environmental-technological changes. The infrastructures which take centre stage in
this thesis are urban systems for space and tap water heating in the city of Amsterdam.
The three studies presented in this thesis trace the multiscalar linkages of the transition
towards renewable and low-carbon infrastructures with water use, committed emissions
and energy justice. To generate these three studies, multiple advances were made in dif-
ferent concepts and methods. These concepts and methods are summarised in Table 7.1.

Table 7.1: Synthesis of concepts, methods and approaches applied in this thesis.

Chapter Concepts Approaches/Methods
4.The water use of heating

pathways to 2050: analysis
of national and urban energy
scenarios

Water-Energy Nexus, Virtual
Water Flows, Water Footprint

Multi-scale water and energy
use model, scenario analysis

5.Reducing committed emis-
sions of heating towards
2050: analysis of scenarios
for the insulation of build-
ings and the decarbonisation
of electricity generation

Committed emissions, direct
and indirect carbon emis-
sions, minimal heat density,
maximal heat capacity, emis-
sion factors,

Bottom-up heat demand
model, mixed-integer non-
linear optimisation, scenario
analysis

6. ‘Commoning practices’ for
energy justice? A perspec-
tive on collective heating ini-
tiatives in the city of Amster-
dam

Commoning practices, ur-
ban commons, energy jus-
tice, collective heating initia-
tives

Semi-structured interviews,
participant observation, ur-
ban ethnography

In a nutshell, in Chapter 4 an extension is provided for current Water-Energy Nexus stud-
ies by assessing the water use of heating at multiple scales for different technological
scenarios that are driven by underlying governance pathways for the Netherlands and
Amsterdam. This study adds to the current body of literature, because water-assessment
studies mostly existed for electricity production only, excluding water use for heating. In
Chapter 5, existing approaches for the planning of energy systems, i.e. heat demand
models and carbon footprint assessments, are integrated to find spatially explicit heat
mixes with the lowest cumulative carbon emissions over time under different scenar-
ios for the insulation of buildings and decarbonisation of electricity production. At last,
in Chapter 6 advances to the concepts of energy justice and commoning practices are
made by applying these concepts in urban anthropological research on how technologi-
cal infrastructures shape and are shaped by new ways of thinking, doing and organising



7.1. SYNTHESIS OF RESEARCH

7

97

Table 7.2: Recap research results on water use (Chapter 4), committed emissions (Chapter 5), and energy jus-
tice (Chapter 6).

Water Use Committed Emissions Energy Justice
i. The water withdrawal for

heating can increase up to
the same order of mag-
nitude as the current wa-
ter withdrawal of thermal
power plants due to the use
of ATES.

The committed emissions
can be ten times lower be-
tween 2030 and 2050 if am-
bitious measures are taken
for the insulation of build-
ings and the decarbonisa-
tion of electricity genera-
tion.

There are energy justice
concerns related to trans-
forming urban heating sys-
tems in Amsterdam.

ii. The virtual water use for
heating can become higher
than the operational water
consumption for heating.

High temperature heat op-
tions can be part of the heat
mix with the lowest com-
mitted emissions.

Collective heating initia-
tives are envisioned to
make positive contribu-
tions to neighbourhoods,
increasing control of users
over energy systems and
other local issues.

iii. The water use for electric-
ity production becomes a
relevant indicator for the
virtual water use for heat
generation because of the
increase in Power-to-Heat
applications.

Low temperature heating
systems are optimal solu-
tions in scenarios with am-
bitious insulation and de-
carbonisation measures for
lowering committed emis-
sions.

Commoning practices can
open up spaces to contest
and reshape current rela-
tions between citizen-led,
public and private parties.

iv. The minimum heat den-
sity for low temperature
heat networks is not always
achieved, which may lead
to carbon lock-ins.

New energy justice chal-
lenges do also arise from
citizen-driven heating ini-
tiatives.

(Wittmayer et al., 2022).
The main insights generated with these studies on water use, committed emissions

and energy justice are summarised in Table 7.2. These insights are informative for which
social-environmental-technological transformations are occurring through the imple-
mentation of renewable and low-carbon heating systems. From the study on water use,
it is concluded that, due to water withdrawal by ATES systems, future heat production
may increase water withdrawal up to the same order of magnitude as current water
withdrawals for cooling processes during electricity production. The emphasis on water
use for energy production may therefore shift from cooling practices to energy storage.
Moreover, virtual water flows embedded in energy carriers made of renewable sources,
such as green electricity, biogas and hydrogen, may become more dominant than those
virtual water flows embedded in fossil fuels.

In the second study on committed emissions, it is shown that the modelled scenar-
ios with the most ambitious measures for insulation of buildings and decarbonisation
of electricity production can increase the update of LT heating systems, significantly re-
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ducing committed emissions, avoiding potential carbon lock-ins associated with heat
networks and reducing the need for HT heating systems with natural gas, biogas, or hy-
drogen. A transition towards low-carbon and renewable heating systems therefore does
not only require replacements of one heat generation technology by another, but also
changes in building insulation, electricity production and integration of multiple ther-
mal energy sources, distribution methods and storage options. Changes in storage op-
tions may, as indicated in the first study, increase overall water withdrawals for thermal
energy storage.

The third study on energy justice describes how energy justice arrangements shape
and are shaped by collective heating initiatives. These initiatives contest and transform
current relations between governmental bodies businesses and urban residents through
commoning practices.

All three studies show a perspective on how urban transitions shape and are shaped
by social-environmental-technological transformations at multiple scales. This thesis,
therefore, provides an example of how multidisciplinary research, including mathemat-
ical modelling and ethnographic research methods, can provide multiple perspectives
on the entanglements between social-environmental-technical changes. In this way, the
‘techno-managerial’ research approaches associated with nexus research are enriched
with approaches interpreting the socio-political context of these resource flows. Present-
ing three studies with the same infrastructures as unit of analysis facilitates conceptually
connecting socio-technical networks and natural resource flows to political dynamics,
recognising the strengths of different approaches to contribute to one goal, i.e. facilitat-
ing society to operate within planetary boundaries and support human well-being (Ra-
worth, 2017). This thesis is therefore a call for more multidisciplinary work that combine
quantitative modelling approaches with qualitative narratives on resource management
with infrastructures as unit of analysis.

7.2. DISCUSSION ON TRANSFORMATION RESEARCH
In a study on the application and interpretation of the notion of ‘transformation’ in sci-
entific literature, Hölscher et al. (2018) state that research studying transformations is
often intended to contribute towards desirable outcomes of change by identification of
potentially detrimental implications of change and of finding ways to achieve desirable
outcomes. Moreover, research on transformation interrogates what it is that is actually
changing and the outcomes of these changes at a systemic level (Hölscher et al., 2018).
The main question of this thesis was: “What are the socio-environmental-technical trans-
formations at multiple scales caused by a transition towards low-carbon and renewable
heating in Amsterdam?”. With this question, this thesis can thus be characterised as a
study of transformations. To reflect on the research methodology applied in this thesis,
and relate it to a broader body of literature, it will be discussed in this section to what
extent this thesis can be not just qualified as ‘a study on transformations’, but also con-
sidered to be fitting the category of ‘transformation research’.

Transformations towards improved ecosystem stewardship and global sustainability
have been increasingly studied by a group of resilience scholars since the 1990s (Ols-
son et al., 2014). In the design of research on transitions, multiple disciplines are com-
bined in the research design to better understand the complexity of real-world problems
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(Hölscher et al., 2021). To go beyond understanding, Schneidewind et al. (2016, p.2)
pledge for a ‘transformative science’, which is aimed at achieving “a deeper understand-
ing of ongoing transformations and increased societal capacity for reflexivity with re-
gard to these fundamental change processes". Tellingly, ‘transformation research’ itself
has been slowly growing in the last two decades (Hölscher et al., 2021). Hölscher et al.
(2021) define ‘transformation research’ as a distinct research lens focusing on transfor-
mations, with an ultimate goal to contribute to sustainability transitions. This lens has
been applied in different research areas such as sustainability science, transition studies,
resilience change, and social innovation (Hölscher et al., 2021).

Although transformation research is targeted at supporting the development of soci-
ety towards more desirable futures, it differs from action research and research on sus-
tainability transitions. Action research is generally applied in social sciences and seeks
change by simultaneously doing research and taking action added with critical reflec-
tion. Sustainability transition research, on the other hand, has emerged over the past
two decades and uses an analytical perspective on transitions for sustainability with no-
tions such as path dependencies, regimes, niches, experiments and governance (Loor-
bach et al., 2017). Additionally, Hölscher et al. (2018, p.2) argue that transition research
is more targeted to explain “how a shift from one state to another is supported or hin-
dered".

Of course, the ultimate goal of this thesis was also to actually contribute to sus-
tainability transitions. In order to reflect on this, the four ‘guiding criteria’ defined by
Hölscher et al. (2021) for the (reflection on the) research design of transformation re-
search will be applied to the research presented in this thesis (see Figure 7.1).

are the starting 
points of the 
research objective

Co-creation of diverse 
types of knowledge 
and expertise

Complex systems 
perspective

Interparadigmatic 
approach

Link to real-world 
problems and critique 
of the status quo

of concepts, 
frameworks, and 
methods.

across disciplines and 
societal actors (inter- 
and 
transdisciplinarity)

allowing 
descriptive-analytical 
and/or 
transformative 
research approaches

Figure 7.1: Guiding criteria for design of transformation research as formulated by Hölscher et al. (2021).

LINK TO REAL-WORLD PROBLEMS AND CRITIQUE OF THE STATUS QUO

The first criterion is that the research should be linked to ‘link to real-world problems
and critique of the status quo’. This implies that the starting point of transformative re-
search contains value judgements and is thus explicitly normative. This thesis is based
on the belief that a transition towards low-carbon and renewable heating systems is key
to solving problems related to climate change, fuel depletion, air pollution and geopo-
litical relations. By assessing the changes induced by a Heat Transition on water use and
energy justice, real-world problems related to water stress and energy democracy are
included.
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The three studies presented contain critiques on the status quo of current energy
research in three ways. First, it is argued that the water use of urban heating systems
should be included in the design of these systems on top of indicators such as carbon
emissions and costs. Although studies for the assessment of water use of electricity pro-
duction were present, this was not yet the case for heating systems. Second, it is argued
that the cumulative carbon emissions over time should be leading to interventions for
the decarbonisation of the built environment instead of the goal towards low carbon
emissions at a certain point in time. This is important to stay within the carbon budget.
At last, by taking the notion of energy justice, the study presented in Chapter 6 shows
current contestations on how the Heat Transition is predominantly organised.

COMPLEX SYSTEMS PERSPECTIVE

Transformation research “acknowledges the complexity of systems and the difficulty this
implies for describing, analysing and intervening in systems”. (Hölscher et al., 2021, p.3).
In a review on the meaning of complex systems across natural and social sciences, Lady-
man et al. (2013) provide multiple features that are widely associated with the term, i.e.
nonlinearity, feedback, spontaneous order, lack of central control, emergence, hierarchi-
cal organisation and numerosity of elements. All three studies included different com-
plex systems perspectives to a certain extent. In the first study, multiple feedback loops
are considered to account for indirect water use at different scales. Changes in the elec-
tricity mix on the national scale influence, for example, the indirect water use associated
with P2H applications at both the national and urban levels. There is also a hierarchi-
cal order of local, national and global virtual water flows embedded in energy carriers.
In the second study, a nonlinear model is applied to account for the criteria posed on
the feasibility of infrastructures both at address and neighbourhood levels. The research
discussed in the third study can be described as a systems approach in the sense that it
studies how the practices of collective heating initiatives are part of urban heating sys-
tems. In order to avoid reifying different actors in the network, seeing them as separate
entities, and insinuating that the intention of the research was to find certain causal re-
lations, an assemblage perspective, as discussed in Section 2.2, is taken for this research.
Assemblages are also characterised by the numerosity of (heterogeneous) elements and
hierarchical organisation (McLean, 2017; Delanda, 2006).

CO-CREATION OF DIVERSE TYPES OF KNOWLEDGE AND EXPERTISE

The developed approaches were performed in collaboration with people across research
disciplines and societal actors. The academic backgrounds of all the authors of the pa-
pers associated with the main chapters were: control engineering, mathematical op-
timisation, water resources management, energy systems, hydrology, ethics of technol-
ogy, urbanism, theoretical physics, anthropology, and environmental science. Moreover,
other societal actors were included, for example the Amsterdam Institute for Advanced
Metropolitan Solutions (AMS Institute).

The outcomes of this PhD project were not only typical ‘academic knowledge’ in the
shape of peer-reviewed papers and conference presentations. A policy brief was written,
and the work was communicated to multiple policymakers through the context of the
project in the VerDuS project and collaboration with the AMS Institute. Most knowledge
transfer was done by means of written text and conference presentations.
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Due to the ethnographic research methods applied in the last paper, this study was
established with local knowledge and lived experiences from societal actors in the city.
Although, it was asked to most participants what research questions they would like to be
asked by academics, it proved challenging to co-create actionable knowledge within one
research project since it requires creating space, time and resources to do so. It can also
compete with other (academic) requirements, such as the pressure to publish. More-
over, the abstraction required for the generalisability of academic research may some-
times hinder the applicability of the knowledge created. To overcome some of these
challenges, Hölscher et al. (2021) also included guiding questions and criteria for the
research process and research results in their proposed framework. One of these is the
continuous reflection on the place of institutions such as universities in society. More
information on the context of the PhD project on which this thesis is based is therefore
given in Chapter 8.

INTER-PARADIGMATIC APPROACH

Miller et al. (2011) argue that academic institutions seeking to produce knowledge suf-
ficient to support sustainability transitions are characterised by epistemological plural-
ism. As can be read in Section 8.2, the aim of this PhD project was early on to comple-
ment nexus studies with ethnographic research methods. As discussed in Chapter 2, the
taken approaches differ in paradigms ranging from post-positivism to interpretivism.
The assessments on water use and committed emissions presented in Chapters 4 and
5 can be characterised by descriptive-analytical approaches, considering that they con-
sist of computational models applied to describe and analyse potential pathways for the
future. Chapter 6, however, focusing on energy justice and using ethnographic research
methods is based on an interpretivist approach. As such, a multi-paradigmatic approach
is applied in this thesis.

7.3. OUTLOOK
To build upon the work performed in this PhD project, there are multiple policy and
research avenues to take. Policy and practice recommendations are presented in the
front matter of this thesis (See page v). The multiple research avenues are presented in
the following.

Overall, this thesis provides a contribution to multidisciplinary research by combin-
ing nexus approaches with ethnographic research methods. In this way, it is an exam-
ple of how to complement nexus research with studies on the socio-political context of
case studies. Following, Cairns and Krzywoszynska (2016), spaces must keep on being
created to critically engage with the concept of the nexus in order to keep on broaden-
ing epistemic boundaries and incorporating multiple voices, perspectives and values.
One thing that can, for example, be further explored is the conceptualisation of social-
environmental-technical hybrids. Throughout the text in this thesis, it may sometimes
seem that there is a clear distinction between the ‘social’, the ‘environmental’ and the
‘technological’. A more extensive application of approaches in which these domains are
seen as hybrids, such as political ecology, would further contribute to a more holistic
understanding of how the world around us is shaped.

Moreover, research can be performed by directly extending the three specific stud-
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ies presented in this thesis. From the first study, the presented framework to quantify
water use at multiple scales can be used to qualify the impacts of this water use (see
Appendix A.1 on a first exploration of the impacts of thermal energy extraction from
surface water). This can support generating actionable knowledge for ‘best practices’
of water use, improving water security and supporting ecosystems. From the second
study, the heat demand models can be improved in order to support the design of en-
ergy systems by including multiple building functions and heat demand profiles (Voulis,
2019). The challenge here is to develop robust maximum heat capacity criteria to as-
sess whether heat technologies can supply sufficient amounts of thermal energy at peak
demand. From the third study, urban anthropology can help to identify the continu-
ous shaping of different contestations in the Heat Transition and how energy justice can
be supported. Providing a political perspective can not only generate insights on local
energy justice concerns, but can also serve to increase the understanding of how the
low-carbon transition changes jobs and livelihoods globally (Bouzarovski, 2022).

Alternatively, other indicators or social domains connected to the Heat Transition
can be studied to explore how urban heating systems can be improved to solve other
sustainability challenges. A suggestion for a new research avenue is to explore how the
generation, distribution and organisation of thermal energy can take part in a more re-
generative economy, moving away from extractive business models and focusing on pos-
itively influencing ecosystems and society.

The narrative applied in this thesis is on the ‘Heat Transition’, i.e. a transition away
from natural-gas based heating and towards low-carbon and renewable heating infras-
tructures. One of the challenges experienced in this thesis is that such a transition is
multi-faceted, including the design of energy generation technologies, to the quality
of housing and decision-making processes. Instead of taking heating infrastructures as
unit of analysis, another focus point for inquiry could be comfortable indoor climates.
A comfortable indoor climate in temperate climates does not only include heating, but
also cooling. With rising temperatures in the Netherlands, cooling technologies may be-
come more integrated with heating technologies. This is especially the case for most
innovative networks at this moment, sometimes referred to as 5th Generation Heat net-
works, which are decentralised, bi-directional, close to ground temperature networks
that use the direct exchange of warm and cold return flows and thermal storage to bal-
ance thermal demand and supply (Boesten et al., 2019; Buffa et al., 2019).

In the end, although this thesis is a call for the integration of multiple perspectives to
support sustainability transitions, it is also an acknowledgement that society will keep on
desiring new characteristics from its infrastructures based on changing values. This can
stimulate the most trendy research and visions on how infrastructures, such as urban
heating systems, can look like. Although I believe in the power of tinkering for innova-
tion and the blessing of creative freedom, in my opinion, the core focus should remain
on establishing structures in which basic needs, such as a warm house, can be fulfilled
in a dignified manner for all while respecting planet Earth. The fight against climate
change is not just a battle against greenhouse gas emissions. It is rather about navigat-
ing changes in the physical and imagined world for creating a place for all.







Miller et al. (2011) argue that academic institutions seeking to produce 
knowledge sufficient to contribute to ‘sustainability transitions’ should be 
characterised by reflectivity. Transformations research as defined by 
Hölscher et al. (2021) is purposefully aimed at shaping existing power 
structures, but is unavoidable, like all research, also shaped by these same 
structures. It is therefore explicitly a political practice, which requires 
critical reflection on the current ways of thinking, doing and organising that 
researchers are embedded in themselves (Wittmayer et al., 2022). 
Reflection on the research and acknowledgement of it shaping socio-
political structures, and material and imaginary realities can open up space 
to clarify assumptions, values and interests underlying research questions 
explicitly (Hölscher et al., 2021). In the following, a short reflection is given 
on the set-up, trajectory and supportive surroundings of this PhD project.
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Figure 8.1: ENLARGE research consortium. Picture taken at 14 July 2019 during the mid-term consortium
meeting in Montpellier, France.

8.1. ABOUT THE RESEARCH CONSORTIUM
This PhD project was part of a research consortium called ENLARGE, which took place
in 2018-2021 (see Figure 8.1). This acronym stands for ‘ENabling LARGE-scale adaptive
integration of technology hubs to enhance community resilience through decentralised
urban Water-Energy-Food (WEF) Nexus decision support’. The main aim of this project
was to develop models and tools to facilitate urban decision-making processes for inno-
vations at different scales and locations. Central in our analysis was the WEF Nexus. In
general, ‘nexus’ research is aimed at identifying links between the production and use of
different material flows. This makes it possible to identify synergies, trade-offs and risks
associated with sectoral transitions. The ENLARGE team assesses the impact of scenar-
ios for metropolitan challenges at decision-relevant scales. In addition to research in
the field of economic and environmental sustainability, the ENLARGE team also investi-
gated the topics of social resilience and equity.

ENLARGE consisted of an international research consortium primarily focusing on
three cities. In the city of Miami, United States of America, the role of urban agriculture in
fresh food provision was studied, and in the French city of Marseille, the recycling of raw
materials from wastewater and the effect of urban vegetation on urban heat islands was
investigated. The Dutch part of the research consortium consisted of Dr Ir. Edo Abraham
and Dr Igor Tempels Moreno Pessoa and Chelsea Kaandorp. The Dutch team focused
on the social-ecological consequences of transitioning towards natural gas-free heating
systems in the city of Amsterdam and worked collaborated with the AMS Institute. The
consortium members are affiliated with the University of Central Florida, University of
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Florida, and in France at the Institut national de recherche en sciences et technologies
pour l’environnement et l’agriculture (IRSTEA), Ecofilae and Ecosec.

The ENLARGE project has received funding through the Sustainable Urban Global
Initiative (SUGI) co-sponsored by the Belmont Forum, JPI Urban Europe and the Euro-
pean Commission. The Dutch contribution to SUGI is provided by the Verbinden van
Duurzame Steden (VerDuS) knowledge programme Smart Urban Regions of the Future
(SURF) of the Ministries of Infrastructure and Water Management, the Interior and King-
dom Relations, Economic Affairs and Climate, the Dutch Research Council, Platform31
and the National Governing Body for Practical Research SIA.

8.2. PHD PROJECT GOALS AND TRAJECTORY
After the first three months of this PhD project, the research objective as stated in the
PhD Agreement was to:

“contribute to the ENLARGE project by focusing on the Food-Water-Energy Nexus in Am-
sterdam. The goal is to optimally integrate and mobilise food, water and energy resources
in a synergistic way to reduce water, carbon, and ecological footprints, and increase the
community resilience against challenges exacerbated by climate change and population
growth. The output of this project will be actionable knowledge that is useful for partners
in Amsterdam, most likely Waternet and AMS. This knowledge will be produced by look-
ing at the Amsterdam Metropolitan Area from different scales. First, an urban metabolism
will be modelled for the urban scale. Secondly, the PhD Candidate will perform ethno-
graphic methods for a certain project on a local scale. This approach will solidify the
models and the research outputs by placing food-water-energy nexus research in a social
contemporary context”.

Led by the ENLARGE project, the PhD project on which this thesis is based thus started
with the notion of WEF Nexus in the city of Amsterdam. In the first year, I studied to-
gether with the ENLARGE team multiple urban transformations such as heating and
cooling with water, resource recycling from wastewater, increasing urban green spaces
as Nature-Based Solutions, and shifting urban diets. Because of my interest in water re-
sources and the position of the supervisory team at the Water Management department
of the TU Delft, at one point Edo and I asked ourselves the question of which processes
have the most impact on water use in the Netherlands. We learned that most water in
the Netherlands is pumped up for cooling power plants, and therefore started to ques-
tion the role of renewable heating systems in the water used for energy, which resulted
in the study performed in Chapter 4.

The study, presented in Chapter 4, consists of a multi-scale water and energy use
model that accounts for the interdependencies between water and energy resources for
current technology mixes and scenarios. It therefore considers how different political
scenarios influence environmental flows (Acreman, 2016). Based on the results, it was
expected that water use for electricity production would decrease in the scenarios in
which thermal power plants are replaced by wind and solar energy. On the other hand,
more water withdrawal was expected for the supply of heat due to an increase in ATES
and hydrothermal energy extraction. From the study, it is concluded that the water with-
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drawal for heating can become as significant as the water withdrawal of thermoelectric
power plants in 2015 if only around a tenth of the heating is supplied through ATES. This
means that the water use of groundwater will change significantly. In Appendix A.1, an
exploration of the implications of increased water use for heating is presented.

Another result of the insight into the strong linkages between energy and water was
that the ambit of this PhD project turned out to be the Heat Transition in Amsterdam. Af-
ter the first year of the PhD project, the goal of the project was to be: “integrating spatio-
temporal modelling and optimisation techniques with social science research methods to
support a sustainable heat transition in the City of Amsterdam”. Besides a static model
on the urban and national scale, the plan in this PhD thesis was thus to also work with
spatio-temporal models with a higher resolution and optimisation techniques.

The specific idea to play with carbon emissions on the neighbourhood level was
shaped during the Master’s thesis project of Tes Miedema. Tes and her supervisory, team,
including me, Edo Abraham and Jan-Peter van der Hoek, were looking for indicators for
the sustainability, feasibility and affordability of urban heating systems. Feasibility was
about whether for example enough thermal energy could be extracted from surface wa-
ter. Heat demand and modelling for neighbourhoods were an important part of that.
Sustainability was reflected most in the amount of carbon emissions. Estimating the
amount of carbon emissions for heat technologies however deemed complex because it
depends on multiple factors such as carbon intensity of electricity and heat demand at
the building and neighbourhood level. One of my frustrations was also that heat net-
works were in some reports depicted as less carbon-intensive than electric heat pumps,
which may not be the case in low-carbon electricity futures.

Building on Tes Miedema’s thesis work, a bottom-up heat demand model for neigh-
bourhoods was developed. Challenges around this bottom-up heat demand model and
the maximum heat capacity criteria were addressed with help from Maéva Dang at the
AMS Institute. Although different scenarios could be modelled, the results gave limited
insights into the temporal interplay of changes in heat demand and decarbonisation of
electricity production in the neighbourhoods. Because of the non-linear interactions
between heat demand on both building and neighbourhood levels and their interac-
tion with the criteria, the model got extended into an optimisation model with the help
of Jeroen Verhagen. In this way, a multi-scale optimisation model was built to answer
which heat technologies are optimal for reducing committed emissions based on differ-
ent pathways for the energy transition in the Netherlands. It thus answers how changes
in political ambitions influence which technology mix can be best applied to reduce
committed emissions.

From the start of the PhD, the aim was to combine computational modelling ap-
proaches with ethnographic research methods to juxtapose nexus thinking with narra-
tives on urban heating infrastructures in Amsterdam. This study proved to be the most
adaptive. The first interviews for this study were already performed in October 2019, but
the continuation of the study was pushed forward towards October 2020 first and later
became January 2022, mostly due to the COVID pandemic. Igor, Edo and I tried to shift
the research methods to online ethnography, but we were not satisfied with the quality
of the data. This is why we continued with the fieldwork at the beginning of 2022. Orig-
inally, the research question was how people experience a diversity of heating systems
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in the city. The idea was to analyse this question with notions such as energy justice,
splintering networks and social resilience. From the start of the interviews, it was clear
that there was a tension between urban heat systems being a commodity but also some-
thing which is considered to be something that should be accessible for all. We heard
complaints about the major district heating systems and did see citizen initiatives being
brought forward as alternatives. When we decided to focus on the notion of ‘commons’
and citizen initiatives, the idea of ‘commoning practices’ came up. This is how the aim
of the study was shifted towards the notion of urban commons and, more specifically,
its relationship with energy justice in the context of low-carbon heating initiatives in the
city of Amsterdam, resulting in the study presented in Chapter 6.
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A.1. CASE STUDY ON HYDROTHERMAL ENERGY
Hydrothermal energy can be a relevant low-carbon heat source for future low-carbon
heating systems in the Netherlands. A conservative estimate is that 12% of the Dutch
heat demand can be provided with hydrothermal energy (Bruggers and Van Weren, 2017).
By Municipality of Amsterdam (2019a), it has even been estimated that 40 to 60%, i.e.
up to 15 Petajoules, of the total heat demand can be extracted from surface water (see
Figure A.1). Although the potential for hydrothermal energy is high in Amsterdam, the
amount of possible thermal energy extraction depends on the time of extraction and the
size of the water body.

Thermal energy from 
surface water

< 2        GJ m-2 year-1

2-10      GJ m-2 year-1

10-25    GJ m-2 year-1

25-50   GJ m-2 year-1

50-100 GJ m-2 year-1

> 100    GJ m-2 year-1

Figure A.1: Thermal energy from surface water. Edited map from the Ambient Heat map (Dutch: Omgev-
ingswarmtekaart) from Waternet (2023).

Hydrothermal energy can be applied in two different ways. The thermal energy can
be used directly to cool and heat buildings, or it can be stored so that the thermal en-
ergy can be used in another season. During the bachelor thesis project of Dominique
Kromwijk, hydrothermal energy from water bodies in Amsterdam called ’t IJ, Kostver-
lorenvaart, the Amstel, and the Weespertrekvaart were studied (Kromwijk, 2020). As a
result, hydrothermal energy extraction with seasonal storage appears to be better for the
ecology, as it cools the surface water in summer instead of heating it up. This is good
for the oxygen content and reduces algae growth and botulism. Because the Kostver-
lorenvaart is the narrowest canal and therefore has the least surface area, less thermal
energy can be exchanged with the outside air than in the other waters. As a result, the
limit of thermal changes within this canal must be carefully considered. Research and
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regulations on the ecological impact of heating on surface water use should therefore be
a main pillar for the sustainable design of future heating systems in the Netherlands.

Moreover, from the analysis performed in the Master’s thesis of Tes Miedema, it is
concluded that the thermal energy available from the surface water in the Felix Meritis
neighbourhood is not sufficient to meet the thermal energy demand in this neighbour-
hood in a scenario that all buildings are insulated up to level B (Miedema, 2020). This
implies that a combination of heat sources is required when hydrothermal energy is a
desirable heat source in this neighbourhood.

A.2. INPUT TABLES

Table A.1: Range of values for water consumption per unit of produced energy given by literature and the used
value in this research. The used values in this research are the mean values given in the literature, if not stated
otherwise. All thermoelectric power plants are assumed to be cooled by once-through cooling because of the
high availability of water resources in the Netherlands. The water consumption rates are assumed to be a tenth
of the rates of corresponding power plants (Mekonnen et al., 2015). The values for the ‘gas’ technologies are
taken from literature on natural gas technologies. We assume that technologies which are fuelled by a mix of
natural gas and green gas use the same amount of water as those fuelled by natural gas. Abbreviations: ATES =
aquifer thermal energy storage, CC = combined cycle, HP = heat pump, GM = gas motor, GT = gas turbine, PV
= photovoltaic, ST = steam turbine,
References: [1] Larsen and Drews (2019), [2] Macknick et al. (2012), [3] Davies et al. (2013), and [4] Meldrum
et al. (2013).
a The values are the averages from different mean values collected from scientific and grey literature [1].
b Assumed to be equal to Gas CC.
c Set equal to zero because water ways are not principally used for hydropower in the Netherlands. The range
for water consumption and water withdrawal are based on Macknick et al. (2012) and Davies et al. (2013)
respectively.
d ≪1 means a positive number smaller than 0.1.
e No range found in literature.
f The range is based on Macknick et al. (2012) and used value is based on Larsen and Drews (2019).
g Closed system.
h Set equal to Biomass Combined Heat and Power (CHP).

Application Technologies Water consumption [m3 / TJ] Reference
min max used

Electricity Coal ST 2.22 392 194 [1]a

Hydrogen CC 21.0 105 105 [2]b

Hydropower 1 425 18 918 0 [2], [3]c,d

Gas CC 21.0 105 105 [2]
Gas GT 52.6 357 52.6 [4]e

Nuclear power 105 420 343 [1]a, [2]f

Solar PV 1.05 27.3 6 [4]
Wind Turbine ≪1 0.5 0 [4]d

Combined Biomass - - 31.5 [2]e

Heat and Coal ST 0.222 39.2 19.4 [1]a

Power Gas CC 2.10 10.5 10.5 [2]
Gas GM - - 0 g

Gas GT 5.26 35.7 5.26 [4]e

Waste CHP - - 31.5 h
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Table A.2: Range of values for water withdrawal per unit of produced energy given by literature and the used
value in this research. The used values in this research are the mean values given in the literature, if not stated
otherwise. All thermoelectric power plants are assumed to be cooled by once-through cooling because of the
high availability of water resources in the Netherlands. The water consumption rates are assumed to be a tenth
of the rates of corresponding power plants (Mekonnen et al., 2015). The values for the ‘gas’ technologies are
taken from literature on natural gas technologies. We assume that technologies which are fuelled by a mix of
natural gas and green gas use the same amount of water as those fuelled by natural gas. Abbreviations: ATES =
aquifer thermal energy storage, CC = combined cycle, HP = heat pump, GM = gas motor, GT = gas turbine, PV
= photovoltaic, ST = steam turbine,
References: [1] Larsen and Drews (2019), [2] Macknick et al. (2012), [3] Davies et al. (2013), and [4] Meldrum
et al. (2013)
a The values are the averages from different mean values collected from scientific and grey literature Larsen
and Drews (2019).
b Assumed to be equal to Gas CC.
c Set equal to zero because waterways are not principally used for hydropower in the Netherlands. The range
for water consumption and water withdrawal are based on Macknick et al. (2012) and Davies et al. (2013)
respectively.
d ≪1 means a positive number smaller than 0.1.
e No range given: reference only give value from one source.
f The range is based on Macknick et al. (2012) and value based on Larsen and Drews (2019).
g Closed system.
h Set equal to Biomass Combined Heat and Power (CHP).

Application Technologies Water withdrawal [m3 / TJ] Reference
min max used

Electricity Coal ST 1 940 50 000 28 800 [1]a

Hydrogen CC 7 883 21 020 12 000 [2]b

Hydropower - ≪1 0 [2], [3]c,d

Gas CC 7 883 21 020 12 000 [2]
Gas GT - - 462 [4]e

Nuclear power 26 275 63 060 35 400 [1]a, [2]f

Solar PV 1.05 27.3 6 [4]
Wind Turbine ≪1 3 2 [4]d

Combined Biomass 2 102 5 255 3 680 [2]e

Heat and Coal ST 194 5 000 2 880 [1]a

Power Gas CC 788 2 102 1 200 [2]
Gas GM - - 0 g

Gas GT - - 46.2 [4]e

Waste CHP 2 102 5 255 3 680 h
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Table A.3: Water withdrawal per unit of produced energy for combustion-free heat sources. The values are
calculated with Equation 4.1 in Chapter 4. Abbreviations: ATES = aquifer thermal energy storage, BTES =
borehole thermal energy storage, and HN = heat network.

Heat source Water withdrawal [m3 / TJ] Remark
Aerothermal HP 0 No operational water use assumed.
ATES 59 780 ∆T = 4
BTES 0 Closed system.
Electric boiler 0 No operational water use assumed.
Geothermal 5 978 ∆T = 40
Hydrothermal 59 780 ∆T = 4
Industrial HN 0 Closed system.
Solar heat 0 Closed system.

Table A.4: Energy Required for Energy (ERE) factors for electricity and heat production expressed in the frac-
tion of amount of heat energy (Jh) per fuel needed for the production of either electricity (Je) or heat (Jh). A
range is given in case this was given in the reference literature. The value in brackets designates the mean value
given in the reference literature and the used value in this research. Abbreviations: ST = steam turbine, CC =
combined cycle, GM = gas motor, GT = gas turbine. References: [1] U.S. Energy Information Administration
(2019), [2] Faaij (2006), [3] Mekonnen et al. (2015), and [4] ETM (2020).

Application Technologies Fuel ERE Reference
Electricity Coal ST Coal 2.9 [1]
[TJh / TJe] Hydrogen CC Hydrogen 1.7 [4]

Gas CC Natural gas & biogas 2.2 [1]
Gas GT Natural gas & biogas 3.3 [1]
Nuclear power Uranium 3.1 [1]

Combined Biomass plant Biomass 2.5 - 5.0(2.5) [2], [3]
heat and Coal ST Coal 2.9 [1]
power Gas CC Natural gas & biogas 2.2 [1]
[TJh / TJe] Gas GM Natural gas & biogas 2.7 [1]

Natural Gas GT Natural gas & biogas 3.3 [1]
Waste plant Waste 3.3 - 6.7 [2]

Heat Biomass Heater Biomass 1.1 - 1.4 (1.3) [2]
[TJh / TJh] Coal heater Coal 1.3 [4]

Gas heater Natural gas & biogas 1.0 [4]
Hydrogen Boiler Hydrogen 1.11 [4]
Wood Household Wood 10 [2]
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Table A.5: Water Footprint per fuel type expressed in units of heat content. A range is given based on the
values found in the literature. The mean values mentioned in literature are the values used in this research.
References: [1] Pacetti et al. (2015), [2] Mekonnen et al. (2015), [3] Gerbens-Leenes et al. (2009), and [4] Webber
(2007)
a In the Netherlands, biogas is mostly made by co-fermentation of manure, sewage sludge or waste Meurink
et al. (2019). No water footprint is assigned to the biomass used to make biogas because we assume that these
materials are not primarily produced for energy production.
b Residual biomass is assumed to be a byproduct from the forestry and lumber industries and does not depend
on the energy demand. We therefore assign a zero water footprint to these energy carriers.

Fuel Water Footprint [m3/TJh] Reference
min max used

Biogas 0 79 340 0 [1]a

Biomass residual - - 0 b

Biomass wood 19 000 124 000 24 000 [2], [3]
Coal 6.6 228 15 [2]
Hydrogen 75.6 34 216 75.6 [4]
Natural gas 0.6 18 2.2 [2]
Uranium 5.7 169 20.2 [2]

Table A.6: Gas mix of natural gas and green gas in the national gas grid per technology mix. Green gas is
assumed to be made from biogas without further water use. The Water Footprint of green gas is therefore set
to be equal to the Water Footprint of biogas (ETM, 2020). The values are given as fractions and are therefore
unitless.

Gas type 2015 International European National Regional
Natural Gas 1.0 0.424 0.47 0.367 0.423
Green Gas 0.0 0.576 0.53 0.633 0.577
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A.3. OUTPUT TABLES

Table A.7: Total national electricity production versus national electricity demand for Power-to-Heat (P2H)
applications per scenario.

Scenarios Electricity production P2H
[PJ] [PJ]

2015 391 2.08
International 450 68.1
European 474 65.0
National 1 230 450
Regional 992 174

Table A.8: Water use to produce electricity for Power-to-Heat (P2H) applications in Amsterdam. The aggregate
annual electrical energy needed for Power-to-Heat (P2H) applications in the 2015 and 2050 technology mixes
are 68.1 TJ and 1 310 TJ, respectively. The electricity is assumed to be supplied from the national grid. The
water use to generate this amount of electricity thus depends on the technology mix of electricity scenarios
nationally as shown in the table.

Water Use for Power-to-Heat (P2H) [m3]
Scenarios Water Withdrawal Water Consumption VWfuel
2015 8.3×105 6.1×103 4.2×104

International 1.5×107 1.1×106 2.1×104

European 1.6×107 1.2×105 2.4×104

National 4.1×105 4.5×103 5.9×102

Regional 1.1×106 1.3×104 7.1×103
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B.1. BOTTOM-UP HEAT DEMAND MODEL
In this section, we present the input and output data of the bottom-up heat demand
model used. The input data on the size parameters per building type, the infiltration
rates, the insulation specifications, and the thermal resistances are presented in Ta-
bles B.1 and B.2, Figures B.1 and B.2, Tables B.3 and B.4, respectively. The results of the
modelled heat demand per building archetype are presented in Figure B.3 and compared
to the results of other models in Figure B.4.

The input for the infiltration rates and the output for the heat demand per building
archetype are presented for different insulation measures. Insulation measures can be
performed to different degrees. We therefore define three different insulation levels: the
basic, intermediate, and advanced insulation levels. The basic insulation level repre-
sents the minimal ordinary improvements that are performed in practice on the original
state of buildings after their construction. The intermediate insulation level represents
the more elaborate improvements that are still commonly applied in practice. The ad-
vanced insulation level represents technologically complex improvements that happen
less often in practice, but are technologically feasible.

The results in Figure B.3 suggest that currently, only building archetypes with a con-
struction year after 1995 can be heated at mid temperature (MT), i.e. the heat demand is
lower than 80 kWh m-2 year-1 (see Table 5.2 for a description the maximum heat capac-
ities for low temperature (LT), MT and high temperature (HT) heating). The results also
suggest that all building archetypes have a HT heat demand after basic insulation, i.e.
the heat demand is higher than 80 kWh m-2 year-1. This means that in practice, interme-
diate or advanced insulation measures need to be taken to bring the heat demand below
the HT regime. After intermediate insulation, all buildings built after 1946, except for
the detached buildings, have a heat demand below 80 kWh m-2 year-1 and can therefore
be heated with MT heat options. Four out of sixteen building archetypes even have a LT
heat demand after intermediate insulation, i.e. the heat demand is lower than 50 kWh
m-2 year-1. This means that if intermediate insulation is applied to a whole neighbour-
hood, that MT and even HT heat strategies still need to be applied. The results also show
that if advanced insulation is implemented, all building archetypes have a heat demand
lower than LT level. This means, among other things, that all existing buildings can be
retrofitted to a level which is suitable for low-temperature heat systems.

Table B.1: Size parameters per building type. The building envelope areas are extracted from a study by
Agentschap NL, presently known as RVO The Netherlands Enterprise Agency (Agentschap NL, 2011).
a The building footprint is projected to be the ground floor size divided by 0.9.
b The volume is calculated by multiplying the number of floors, the floor height and the usable surface.

Number of Floor Usable Ground floor Volumeb

Building type floors [-] height [m] surface[m2] size a [m2] [m3]
Terraced 2 3 87 47 282
Semi-detached 2 3 110 66 396
Detached 2 3 130 93 558
Apartment 1 3 71 71 213
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Original state Basic insulation
< 1945 Specification Insulation measures Insulation measures
Groundfloor Floor with crawlspace Non-insulated wooden floor 50 mm insulation under floor
Facade Face without cavitywall Brickwork no cavity wall Brickwork no cavity wall
Panel Panel with cavity wall Non-insulated panel Non-insulated panel
Roof Non-insulated roof 50 mm roof insulation
Windows - Single glazing, wooden/plastic frame HR++ glazing, wooden/plastic frame
Doors - Non-insulated door Non-insulated door
Infiltration - No gap sealing Improved gap sealing
Thermal bridges - - -
Ventilation - Natural - natural Natural-mechanical (C2)

1945-1975 Specificatie Insulation measures Insulation measures
Groundfloor Floor with crawlspace Non-insulated wooden floor 50 mm insulation under floor
Facade Face with cavitywall Brickwork with cavity wall Brickwork 50 mm cavity wall insulation
Panel Panel with cavity wall Non-insulated panel Non-insulated panel
Roof Roof with cavity Non-insulated roof 50 mm roof insulation
Windows - Single or double glazing, wooden/plastic frame HR++ glazing, wooden/plastic frame
Doors - Non-insulated door Non-insulated door
Infiltration - No gap sealing Improved gap sealing
Thermal bridges - - -
Ventilation - natural - natural Natural-mechanical (C4), CO2 steering in living room

1975-1995 Specificatie Insulation measures Insulation measures
Groundfloor Floor with crawlspace Non-insulated stone-like floor 50 mm insulation under floor
Facade Face with cavitywall Brickwork with cavity wall Brickwork 50 mm cavity wall insulation
Roof Roof with cavity Non-insulated roof 50 mm roof insulation
Windows - Double glazing HR++ glazing, wooden/plastic frame
Doors - Non-insulated door Non-insulated door
Infiltration - No gap sealing Improved gap sealing
Thermal bridges - - -
Ventilation - Natural - mechanical (C1) Natural-mechanical (C4) with CO2 steering

>1995 Specificatie Insulation measures Insulation measures
Groundfloor Floor with crawlspace Minimal floor insulation Minimal floor insulation
Facade Face with cavitywall Brickwork with minimal cavity wall insulation Brickwork with minimal cavity wall insulation
Panel Panel with cavity wall Insulated panel Insulated panel
Roof - Minimal roof insulation Minimal roof insulation
Windows - HR++ glazing, wooden/plastic frame HR++ glazing, wooden/plastic frame
Doors - Non-insulated door Non-insulated door
Infiltration - Minimal gap sealing Minimal gap sealing
Thermal bridges - - -
Ventilation - Natural - mechanical (C1) Natural-mechanical (C4) with CO2 steering

Figure B.1: Insulation specification per construction period (applied to all building types). Insulation speci-
fication for the ‘original’ and ‘basic’ insulation levels. Values are taken from the report ‘Standard and Target
values for existing housing’ (in Dutch: standaard en streefwaardes bestaande woningbouw) (Cornelisse et al.,
2021).
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Intermediate insulation Advanced insulation
< 1945 Specification Insulation measures Insulation measures
Groundfloor Floor with crawlspace 140 mm under floor 140 mm insulation according to ISSO 82.1
Facade Face without cavitywall Brickworkd no cavity wall 260 mm insulation according to ISSO 82.1
Panel Panel with cavity wall Non-insulated panel Insulated panel
Roof 150 mm roof insulation 350 mm roof insulation according to ISSO 82.1
Windows - HR++ glazing, wooden frame Triple-glazing with new windowframe
Doors - Non-insulated door Insulated door
Infiltration - Improved gap sealing Good gap sealing
Thermal bridges - - -
Ventilation - Natural-mechanical (C2) Balanced (D3), with CO2 steering

1945-1975 Specificatie Insulation measures Insulation measures
Groundfloor Floor with crawlspace 140 mm under floor 140 mm insulation according to ISSO 82.1
Facade Face with cavitywall Brickwork 50 mm cavity wall insulation 260 mm insulation according to ISSO 82.1
Panel Panel with cavity wall Non-insulated panel Insulated panel
Roof Roof with cavity 150 mm roof insulation 350 mm roof insulation according to ISSO 82.1
Windows - HR++ glazing, wooden frame Triple-glazing with new window frame
Doors - Non-insulated door Insulated door
Infiltration - Improved gap sealing Good gap sealing
Thermal bridges - - -
Ventilation - natural-mechanical (C4), with CO2 steering Balanced (D3), with CO2 steering

1975-1995 Specificatie Insulation measures Insulation measures
Groundfloor Floor with crawlspace 140 mm under floor 140 mm insulation according to ISSO 82.1
Facade Face with cavitywall Brickwork 50 mm cavity wall insulation 260 mm insulation according to ISSO 82.1
Roof Roof with cavity 150 mm roof insulation 350 mm roof insulation according to ISSO 82.1
Windows - HR++ glazing, wooden frame Triple-glazing with new window frame
Doors - Non-insulated door Insulated door
Infiltration - Improved gap sealing Good gap sealing
Thermal bridges - - -
Ventilation - natural-mechanical (C4), with CO2 steering Balanced (D3), with CO2 steering

>1995 Specificatie Insulation measures Insulation measures
Groundfloor Floor with crawlspace Minimal floor insulation Minimal floor insulation
Facade Face with cavitywall Brickwork with minimal cavity wall insulation Brickwork with minimal cavity wall insulation
Panel Panel with cavity wall Insulated panel Insulated panel
Roof - Minimal roof insulation Minimal roof insulation
Windows - HR++ glazing, wooden/plastic frame Triple-glazing with new window frame
Doors - Non-insulated door Non-insulated door
Infiltration - Minimal gap sealing Good gap sealing
Thermal bridges - - -
Ventilation - Natural-mechanical (C4) with CO2 steering Balanced (D3), with CO2 steering

Figure B.2: Insulation specification per construction period (applied to all building types). Insulation specifi-
cation for the ‘intermediate’ and ‘advanced’ insulation levels. Values are taken from the report ‘Standard and
Target values for existing housing’ (in Dutch: standaard en streefwaardes bestaande woningbouw) (Cornelisse
et al., 2021).
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Table B.2: Infiltration rates (qv ;10 values) in SI-units of dm3 s-1 m-2. Values are taken from the report ‘Standard
and Target values for existing housing’ (in Dutch: standaard en streefwaardes bestaande woningbouw) (Cor-
nelisse et al., 2021).

Insulation level
Building type Construction period Basic Intermediate Advanced Current
Apartment <1946 1.8 1.8 0.4 1.8

1946 - 1975 0.6 0.42 0.4 0.6
1976 - 1995 0.6 0.42 0.4 0.6
>1995 0.6 0.6 0.4 0.6

Detached <1946 4.2 4.2 0.4 4.2
1946 - 1975 1.4 1.4 0.4 1.4
1976 - 1995 1.4 1.4 0.4 1.4
>1995 1.4 1.4 0.4 1.4

Semi- <1946 3.6 3.6 0.4 3.6
detached 1946 - 1975 1.2 1.2 0.4 1.2

1976 - 1995 1.2 1.2 0.4 1.2
>1995 1.2 1.2 0.4 1.2

Terraced <1946 3 3 0.4 3
1946 - 1975 1 1.2 0.4 1
1976 - 1995 1 1.2 0.4 1
>1995 1 1 0.4 1
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Table B.3: Thermal resistances, also known as the R-values, of the different materials of the shell for the ‘cur-
rent’ insulation level. Values apply for the current insulation level and four different building types, i.e. ‘Apart-
ment’, ‘Detached’, ‘Semi-detached’, and ‘Terraced’. Values are taken from the report ‘Standard and Target values
for existing housing’ (in Dutch: standaard en streefwaardes bestaande woningbouw) (Cornelisse et al., 2021).

Terraced Semi-detached Detached Apartment
< 1945 Ground floor 0.77 0.73 0.94 0.56

Facade 0.7 0.82 0.99 0.58
Panel 0.46 0.97 0.98 0.36
Roof 1.24 1.2 1.42 1.00
Windows 2.96 3.06 2.98 3.11
Doors 3.36 3.36 3.35 3.32

1945-1975 Ground floor 0.57 0.6 0.66 0.48
Facade 0.84 1.06 1.1 0.67
Panel 0.61 0.9 0.86 0.46
Roof 1.22 1.23 1.4 0.96
Windows 2.73 2.69 2.66 2.87
Doors 3.31 3.32 3.31 3.3

1975-1995 Ground floor 1.16 1.25 1.35 1.16
Facade 1.53 1.61 1.69 1.66
Panel 1.48 1.61 1.69 1.66
Roof 1.5 1.59 1.82 1.66
Windows 2.82 2.72 2.74 2.91
Doors 3.33 3.33 3.3 3.32

>1995 Ground floor 2.68 2.63 2.64 2
Facade 2.68 2.59 2.56 2.61
Panel 2.77 2.56 2.6 2.7
Roof 2.75 2.69 2.68 2.67
Windows 2.1 2.16 2.14 2.16
Doors 3.27 3.25 3.22 3.28
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Table B.4: Thermal resistances, also known as the R-values, of the different materials of the shell of the houses
for three insulation levels: ‘basic’, ‘intermediate’ and ‘advanced’. Values apply for three insulation levels and all
building types, i.e. ‘Apartment’, ‘Detached’, ‘Semi-detached’, and ‘Terraced’. Values are taken from the report
‘Standard and Target values for existing housing’ (in Dutch: standaard en streefwaardes bestaande woning-
bouw) (Cornelisse et al., 2021).

Insulation level
Basic Intermediate Advanced

< 1945 Ground floor 1.26 3.5 3.5
Facade 0.19 0.19 6
Panel 0.23 0.23 2
Roof 1.33 3.5 8
Windows 1.8 1.4 1
Doors 3.4 3.4 1.4

1945-1975 Ground floor 1.26 3.5 3.5
Facade 1.25 1.5 6
Panel 0.23 0.23 2
Roof 1.33 3.5 8
Windows 1.8 1.4 1
Doors 3.4 3.4 1.4

1975-1995 Ground floor 1.26 3.5 3.5
Facade 1.47 1.79 6
Panel 0.23 0.23 2
Roof 1.33 3.5 8
Windows 1.8 1.4 1
Doors 3.4 3.4 1.4

>1995 Ground floor 1.26 3.5 3.5
Facade 1.47 1.79 6
Panel 0.23 0.23 2
Roof 1.33 3.5 8
Windows 1.8 1.4 1
Doors 3.4 3.4 1.4
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Figure B.3: Heat demand per building archetype for four insulation levels in terms of thermal energy demand
per square metre of floor area per year (kWh m-2 year-1). The colours depict the thermal regime in which
buildings can be heated. The maximum heat density for low-temperature heating, i.e. below 40°C, is below 50
kWh m-2 year-1. Mid-temperature heating at 70°C can be applied below 80 kWh m-2 year-1. High-temperature
heating, i.e. above 90°C, can be applied above 80 kWh m-2 year-1. This heat demand at the current insulation
state of a building can be lower than the heat demand for basic or even intermediate insulation because some
existing buildings have already been insulated beyond that level.
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Figure B.4: Modelled heat demand with PHPP software compared to results from RVO (Netherlands Enterprise
Agency) and PBL (Netherlands Environmental Assessment Agency) (Agentschap NL, 2011; Folkert and Van
den Wijngaart, 2012). Heat demand is modelled for four different building types in four different time period.
Heat demand is expressed in unit of energy per square meter of floor area per year. The RVO report contains
different type of buildings which could be categorised as apartments, i.e. ‘maisonette building’, ‘tenement’ and
‘other flat’ buildings, we used the latter building type in this comparison. There are differences between the
time periods defined in this Chapter 5 and in the RVO report Agentschap NL (2011). The time periods used
in Agentschap NL (2011) for terraced buildings are ‘<1946’, ‘1946-1964’, ‘1965-1974’, ‘1975-1991’ and ‘1992-
2005’, and for the other building types ‘<1965’, ‘1965-1974’, ‘1975-1991’ and ‘1992-2005’. The value shown for
the construction ‘<1946’ in the figure either corresponds to the time period ‘<1946’ for terraced buildings or
‘<1965’ for the other building types. The value shown for the construction period ‘1946-1975’ corresponds
with the average heat demand of time period ‘1946-1964’ and ‘1965-1974’ or ‘<1965’ and ‘1965-1974’ as given
in Agentschap NL (2011). The values for the construction periods ‘1975-1995’ and ‘>1995’ corresponds with
the construction period ‘1975-1991’ and ‘1992-2005’ respectively.
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B.2. INPUT TABLES CARBON EMISSION PER HEAT OPTION

Table B.5: Emissions factors per energy carrier for the fuel supply phase and the operational phase in terms of
kg CO2 equivalents per GJ of thermal energy per energy carrier supplied. A range is given of the values found
in the literature applicable to heating technologies in the Netherlands. The value between brackets is the value
used for the analysis. References: [1] Zijlema (2020), [2] Wielders and Nusselder (2020), [3] Herberigs (2020),
[4] Klein et al. (2021), and [5] Schepers and Scholten (2016)
a Biomass is assumed to be from biomass chips coming from pruning practices in the Netherlands. The value
of 17.2 kg CO2/GJ is the emission factor for wooden chips transported from Canada.
b The ranges show the emission factors for different types of green gas produced in the Netherlands, derived
from sewage sludge or produced with fermentation of organic waste streams such as domestic and farm waste.
The value chosen for fuel supply phase is the weighted average based on the mix of green gas present in the
Netherlands in 2020 as given by Herberigs (2020).
c In Chapter 5, the assumption is made that hydrogen used for heating will be made by electrolysis with green
electricity.
d Solar panels placed on roofs not fields.

Energy carrier Fuel Supply Operational Reference
[kg CO2/GJ] [kg CO2/GJ]

Biomass 9.2-17.2 (9.2) 109.6 [1]a

Electricity 2018 131.94 0 [2]
Electricity Solar PV 2.53 0 [2]d

Electricity Wind Offshore 4.08 0 [2]
Green gas 12.6 - 32.8(22.8) 84.2 - 100.7 (84.2) [1], [3]b

Hydrogen 9.1 - 104.3(9.1) 0 [4]c

Natural gas 2.9 56.4 [1], [5]
Waste 0 104.4 [1]
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Table B.6: Energy Required for Energy (ERE) factors rounded of two decimals places in units of energy needed
from energy carrier to generate one unit of thermal energy. Abbreviations: CHP = Combined Heat and Power,
HP = Heat Pump, LT = low temperature, MT = Mid Temperature, UTES = Underground Thermal Energy Stor-
age. References: [1] Nuiten et al. (2019), and [2] Schepers and Scholten (2016)
a Electricity is needed for the use of heat pumps in the heat network with a coefficient of performance (COP)
of 0.0072.
b A distribution loss of 20% for heat networks is included in the Energy Required for Energy (ERE) factors.
c We assume that 0.1 kWh of energy is needed to extract 1 kWh of thermal energy from residual heat sources,
and is generated with an efficiency of 85% with natural gas (Schepers and Scholten, 2016).
d It is assumed that 20% of the delivered heat comes from a support heater burning natural gas with an effi-
ciency of 85%. The other 80% comes from the main source.
e A COP of 5.1 kWhelec/kWhheat for a heat pump extracting heat from an aquifer is used.
f The heat pumps used to extract geothermal energy have a coefficient of performance (COP) of 20.
g Per kWh of thermal energy extracted, 0.18 kWh less electricity can be produced in comparison to a power
plant with an efficiency of 50%. The amount of extra waste needed is 0.18 kWhelec/kWhheat divided by 0.5
kWhelec/kWhwaste.
h A heat pump with a COP of 3.1 generates 60% of the heat delivered. The other 40% comes from a boiler which
needs 0.0288 kWh of electricity per kWh of heat produced.
i An efficiency of 88% was assumed for boilers.

Substrategy Energy carrier ERE factor Reference
(1a) HP Aerothermal Electricity 0.32 [1]
(1b) HP Underground Electricity 0.23 [1]
(2a) Residual heat LT Electricity 0.01 [2]a,b

Natural gas 0.39 [2]b,c,d

(2b) UTES Electricity 0.20 [1]b

(3a) Residual heat MT Electricity 0.01 [2]a,b

Natural gas 0.39 [2]b,c,d

(3b) Geothermal Energy Electricity 0.06 [2]b,d,f

Natural gas 0.28 [2]b,c,d

(3c) Biomass Heater Biomass 1.05 [2]b,d

Electricity 0.01 [2]a,b,d

Natural gas 0.28 [2]b,c,d

(3d) Waste CHP Electricity 0.01 [2]a,b,d

Natural gas 0.28 [2]b,c,d

Waste 0.34 [2]b,d,g

(4a) Green Gas hybrid Electricity 0.21 [1], [2]h

Green gas 0.45 [2]h,i

(4b) Green Gas Boiler Green gas 1.14 [2]i

(5a) Hydrogen Hybrid Electricity 0.21 [1], [2]h

Hydrogen 0.45 [2]h,i

(5b) Hydrogen Boiler Hydrogen 1.14 [2]i



B

132 B. SUPPLEMENTARY MATERIAL TO CHAPTER 5

B.3. EXTENDED SENSITIVITY ANALYSIS
In this section we present the results under different assumptions. In Figure B.5 if the
maximum heat capacity of LT heating is put equal to 65 kWh m-2 year-1 instead of 50
kWh m-2 year-1.
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Figure B.5: Main results if the maximum heat capacity is set equal to 65 kWh m-2-1 instead of 50 kWh m-2-1 as
done in Figure 5.6 of the main article.

B.4. A NOTE ON COSTS
In this section, modelling the cost for different heating strategies analysed in Chapter 5
are discussed. An example of an energy model that includes economic factors in the
Dutch context, is the VESTA model which is used in a tool developed by PBL Netherlands
Environmental Assessment Agency. The tool supports Dutch municipalities to compare
the ‘national costs’ in the provision of heat, i.e. the sum of costs for investment in supply
infrastructure (generation and distribution), retro-fitting of buildings, fuel supply and
operations of different heat options with a reference case for the year 2030 (PBL, 2021;
Henrich et al., 2021). National taxes, subsidies and levies are not included in these ‘na-
tional costs’, because these flows of money do not influence the total costs of all people
in the nation. The tool was developed to support Dutch municipalities to perform a
spatially explicit comparison of the costs of different heating systems. In Figure B.6, the
modelled costs for the neighbourhoods analysed in Chapter 5 are presented.

In Figure B.6, it is shown that heat system ‘LT Heat Network’ is often not among the
cheapest solution because, according to PBL (2021), it was the cheapest to insulate all
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Figure B.6: Additional yearly costs per heat system in 2030 in comparison to keeping the status quo in the three
neighbourhoods Felix Meritis, Molenwijk and the Prinses Irenebuurt. The values are taken from PBL (2021).

houses till at least energy label D for all heat options except for heating system ‘Individ-
ual heat pump’, which requires insulation to energy label B. For heat options in heating
systems ‘LT Heat Network’ they include the costs for extra heat pumps to increase deliv-
ered heat by the heat network to 70°C. In this way, the costs for LT heating systems ‘Indi-
vidual heat pump’ and ‘LT Heat Network’ can be higher than for other heating systems.
However, the results in Chapter 5 suggest that insulation of houses is an effective way
of reducing carbon emissions and moreover is often a no-regret measure for decreasing
carbon emissions of heating (De Oliveira Fernandes et al., 2021). Heating systems with-
out insulation further than energy label D may therefore be cheaper now, but will have
additional costs if further insulation measures will be taken in the future.

In this reference case, the variable costs are different to the current costs for heat-
ing due to assumed changes in outdoor temperatures and costs of natural gas driven by
climate change. Moreover, no capital costs are assumed because potential changes to
building shells or heating infrastructures are disregarded. The costs per neighbourhood
can vary due to factors such as the number of buildings, building types and proximity
to heat sources. The costs for heating in the reference case for the year 2030 are 4.2, 1.4
and 2.0 million euros for the neighbourhoods Felix Meritis, Molenwijk and the Prinses
Irenebuurt respectively (PBL, 2021).

To assess how much each low-carbon heat option would cost in 2030, the costs were
calculated for different insulation levels using the tool in PBL (2021), which considers
similar heat options to the ones presented in Chapter 5, making it straightforward to use
the definitions of heat options as given in Chapter 5. The costs for the heat options are
presented in Figure B.6 and labelled with the name of the heating system of that heat
option. In the following we will give the names of the heat options used.

The costs for different heat options vary per neighbourhood due to multiple factors
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such as the insulation measures needed, the amount of energy demand, and the extra
costs for improvement or implementation of a electricity, gas or heat grids. According
the PBL analysis, heat option ‘(4b) Green Gas Boiler’ is the cheapest heat option in the
Felix Meritis neighbourhood with yearly additional costs of 1.6 million euros compared
to a ‘business-as-usual’ case in which a natural gas heating system is maintained un-
til 2030 (PBL, 2021). Heat options ‘(5b) Hydrogen Boiler’, ‘(2a) Residual Heat LT’, ‘(1a)
HP Aerothermal’, and ‘(3a) Residual Heat MT’ are more expensive with a yearly addi-
tional cost of 2.1, 2.6, 2.7 and 2.7 million euros respectively. The cheapest heat option in
Molenwijk neighbourhood is ‘(3a) Residual Heat MT’ with 0.62 million euros. Heat op-
tions ‘(4b) Green Gas Boiler’, ‘(5b) Hydrogen Boiler’, ‘(2b) Underground Thermal Energy
Storage (UTES)’, and ‘(1a) HP Aerothermal’ are more expensive with a yearly additional
cost of 0.82, 1.2, 1.4 and 1.5 million euros respectively.

The results from Chapter 5, however, suggest that heat option ‘(3b) Residual heat MT’
is not the solution with the lowest EFaverage. Additionally, we have seen in Figure 5.6.2a
that heat option (2b) UTES can be applied to more than 30% of the addresses in this
neighbourhood if ambitious rates of insulation and decarbonisation in electricity gen-
eration are applied. In the case for the Molenwijk neighbourhood, we thus see that the
cheapest solution is not necessarily the solution with the least committed emissions. For
the neighbourhoods Prinses Irenebuurt ‘(4b) Green Gas Boiler’ is the cheapest option
with 0.8 million euros additional costs according to PBL (2021). Other options are ‘(5a)
Hydrogen Hybrid’, ‘(3b) Geothermal Energy’, ‘(1a) HP Aerothermal’ and ‘(2b) UTES’ with
1.1, 1.28, 1.31, 1.31 million euros additional costs. For this neighbourhood, the prices of
some heat options are thus close to each other.
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