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Abstract

The global energy system is unsustainaile.cities start to expand exponentialip population and size, the
continuous input of resourceandin particula the flow energyraises concerngurrently, energy flows in urban
environmentsare linear A circular urban energy metabolissimore sustainablthan a linear metabolism. Citeu

urban energy metabolisms reduesource depletion amditigatefurther climate change impairmei this respect,

cities could behe solutionto greenhouse gas emissiohfowever, tansitioning from a linear ta circular energy
metabolism requiresgorous transformations and modificatiotetssociatechnical environmentsThis implies the
adoption of new technologies, modifications to the infrastructural network and transformations of existing regimes.
Several important domains are taken into actdarachieve a stable and successful transition. The domains of
technology, function, infrastructure and regime have to equally progress in order for a transition to become stable.

This thesisdescribesthe current state of affairs dhe electricalenery transitionby presenting a case study
comparisonof three municipalities Amsterdam, Hamburg and CopenhagenisTtase study is enhanced by
introducing a multicriteria analysigMCA) utilizing the program BOSDA. The MCA somplemented by important
quartified factors in the electrical energy sector in the domains of technology, function, infrastructure and regime.
Factors include renewable energy share, future renewable energy targets, electricity tariffs, electrical energy
consumption of inhabitant anldbuseholds, renewable area potential, security of electricity supply, dependency,
renewable energy investments/expenditures and the level of ambition in renewable electrical energyRaslidiss.

from the MCAgives detailed information to decipher setéehnological barriers that hinder progression in urban
environments and provides an overview with differences between selected cities in terms of the transition status.

This thesis showed that the alignment of investigated cases is not equal. It showddantage of Copenhagen
compared to Hamburg and Amsterdam. It showed that the Copenhagen advantage in transition process was determined
by factors that influenced the regime and technology domain more early compared to Hamburg and Amsterdam. This
thesissuggests that the domain of technology and regime exert more influential power compared to infrastructure and
function. It also showed that domain of technology and regime are mutually supporting domains. Meaning that the
progression of technology domaian be attributed to concurrent progression of regime domain.

Keywords

Systentransition,sociotechnical transitionyrban metabolism, renewable energy, electrical enérgly,
environment, urban environment, sustainable development
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1. Introduction

1.1. Background

Urban areas play a vital role in global energy consumption and related emisSitias. are the most
important engine for economic growth and socioeconomic development since they represent around 70% of the total
national GDP of the majority of countries imetworld(Dijk, 2007). Cities are, and will be increasing rapidly in size,
density and complexity across the globe in the future and have been aodesnpy increasing resource flows of
inputs and outputs which attracted attention in energy and climate re¢iéayehet al., 2006and (Kennedy et al.,

2007)

ScholargGirardet, 1999)(Decker et al., 2002nd(FischerKowalski and Hiittler, 199&gise the concern that both
economic and population growth are significant facthet contribute to an increasing use of enerngadng to
environmental deterioration.

Currently, over half of the global populatiolives in urbanized environments, and this share is expected to
increase steadily in the decades to come. De#lpitdéact thatities and their urban environments only represent a
fraction (2%) of the earthodéds shafatetheeawprttéy anerg
(International Energy Agency, 2008hd(Mega, 2010) The majority of this energg importedfrom the hinterland
(Girardet, 2008)Therefore cities emit 40% of global carbon dioxided awide range of greenhougas emissions
(GHG). Citiescause indirect environmental damage to the hintetgnetraction of resourcé&irardet, 2008and
(Satterthwaite, 2004)

While cities increasingly account for argje proportion of energy consumption and related negative climate
effects, they also resemble part of the solution. As early as the 1980s, many efforts have been made to reduce energy
consumption and introduce renewable energy soubmfiting local eonomies ando mitigate further climate
change(AgudeloVera et al., 2012gand (Girardet, 2008) In cities, the built environment accounts for a large
proportion of total primary energy consumptiofhe existing built environm# offers great opportunitiesd
compensate energy demand with renewable so(@Baels, 2005)Moreover,t is expected that electrical energy will
supersede the current primary energy carriers as oil and gas in the urban environments in the n@afofidure
Energy Counsil, 2015) As a consequenceehelectricity generation increases 38% by 2Q#@rnational Energy
Agency, 2016a)

1.1. Urban metabolism
Urban metabolism has emerged as an important concept to analyze and understand resource dependency of various
flows. These includenateriat, energy and wateflows between urban environments and the hinterléméne with
this trend, The amount of waste, emissions, effluents and resource shortages of a certain energy flow could be
estimated by observing its infstand outputs as organic and inorganic materials, water and ¢Karggunis, 2009)

Urban metabolism aims at increasing our understandingeoédimplexity of (energy) flows in urban environments
(Kennedy et al., 2007)Moreover, it supports our understanding of how our currénedr energy system is
unsustainabldJrban metabolism is essential in order to be able to increase sustainability {Woti@an, 1965)It
helps tounderstand the sum total of the technical and sectmomic pocesses that occur in cities, resulting in
growth,generatiorof energy, and elimination of wagtiéennedy et al., 2007)

Scholars havincreasingly documented the concept of urban metabd@srardet, 1999)(Kennedy et al., 2007)
and(FischerKowalski and Huttler, 1998)Changing a flow that has embedded itself deeply in existing mainstream
technologies and the society requires a dramatic shiftciotechnical transitionThere is a growing number of
studies that are reseanat) societechnical transitios) andspecifically, the transition from one energy society to
another(Geek, 2005)

©
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1.2. Energy transition
To increase sustainability irban systemgnergy is one of the flows that need tahangedn the urban metabolism
Improving urban energy systemsitigates futher climate change impairmeaities may serveas the soltion to
greenhouse gas emissiofBodman, 2009 pl197)Greenhouse gas emissions will be mitigated by the projected
increase irelectrical energysein a changing urban energy systerhe(International Energy Agency, 2008)pects
electrical energy to beumar® primary energy sour¢superseding fossil fuel sourcesthe future Electricity as a
fuel may possibly address solutions to problems as local pollutioreliglesand coal plants that provide power
Surely, not all modes of transport can be electrified although this should be highly prdiMatihiesen eal., 2015.
Energyis inevitable for human life and a secure and accessible supply of energy is crucial for the sustainability of
modern societies. With averincreasinglemand in fossil fuels humanity might have to resolve future major conflicts
with sticks and stonesinless humanity transition post fossil era.

We may be able to achieve transitioning to a {ffossil era if countriesatified the United Nations Climate
Change agreement of 200BNFCCC. Conference of the Parties (COP), 20T5jce ratified, effective intervention
is needed to keepe global average temperature to well beR3@. In order to achieve this, integral strategiesnand
more action in the sector of energy efficiency by means of new construction techeigussuctiormaterials and
renewable energy deploymeiNFCCC. Conference of the Parties (COP), 201%5)additon to the Paris Climate
Change Agreement, the European Uraims at achieving drastic transition to neaero carbon energy system (60
to 80% GHG reduction) by 205®%achsmuth2012)

Countries andnajor underlyingcities in the European union are well aware of the need for energy transitiengyy
transitions are initiated in Amsterdamé& Netherlands, Hamburg Germany a@dpenhagen Denmark.

The Netherlands are considdrto be one of the most fossil fuel intensive econoffhitsrnational Energy Agency,
2016) To meet energy demand, The Netherlands haea la reliableustomerof fossil fuels such as oigas,and
coal. ConsequentlyThe Netherlands is one of the worst contributegardingretrieving energy from sustainable
sources compared to other fEwemler states. In fact, less than $¥dhe total @ergy mix originates from sustainable
sources, whereas the EU retrieves 1ffétn renewablegTNO, 2010) Of which the residentiabuilding sector
accountsfor approximately 17% of total energy consumptidihis is initially fueled by the concerns over the
environment and climate change, in which energy efficiencyplteaged a major role ithe energy policy sirecthe
1970s resulting ictivemeasuresOf coursethere areenormousconomic benefits of extracting fossil fuels and to
trade the commodity as a state produitis alsoimplies for The Netherlandsjl and gas revenues make aiparge
proportionof the state budgdapproximately20%) (TNO, 2010) Because the government has chosen the path of an
energy mixdominated by fossil fuels, likewislwerthe micro andnesoscales arealso subjected to the use of less
sustainable energy.

In a studyd N a eentoekomstbestendignergiesysteem n Ne der | an do a fltueproo? énedrdy 6 ,
system in The Nethentas, TNO has concluded that The Netherlands does not have a consistent transition strategy.
Which is a worrisome development because The Netherlands and major cities are thus not sufficiently prepared for a
transition that will affect their vital econominterestsTNO, 2010) There is a strong urge to provide a consistent
transition strategy based on a thoroaghl broaebased longerm vision precisely because the energy sector is a vital
part of economic interests in The Netherlands.

Aside from the governmental perspectivayic initiativesas Urgenda aresing the concept of linear to circular
metabolisimto promote energy transitioA Dutch initiative aiming to transform the metabolism of The Netherlands
in its entirety by 2050 by focusing on systems as energy, water, foddrgendais a platform consisting of leaders
from business and governmental secteeking to merge science and enterptiBgendaalso helps with existing
acceleration to sustainable initiatives and to break down barriersifieeiso further elaborated 3.3 in order to
speed up stainable development.
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The German government made a correct turn by transitioning towards a more carbon neutral future. Mainly due to
the 1970s energy crisis the government had to rethink its current energy path. As response, the government aimed to
increase coal and nuclear energy generation. Althougkr@sdchuclear became increasingly controversial with the
public (Schmitt, 1983) Ever since the 90s nuclear is on decline in Germany while the sigpontgyst the German

public for deployment of renewable grew considerably during the 2000s. As the largest energy consumer in the
European Union Germany felt the responsibility to transition to aqaobbn future. The expansion of renewables

has made theountry in a pioneer of renewable energy deployment and an example for other European countries. The
countriesEnergiewender fAEner gy transitionodo consist primarily of

The Municipality of Hamburg has pritided energy saving and deployment of renewables the key objective for
meeting sustainability targets, The municipality envisions itself as the leading centre for management, engineering
and innovative services for renewable energy, not only targetingyadeeht of renewable energy, also contributing

in renewable markets by providing a solid renewable basis of product development, materials, R€lDnécgpality
Hamburg und Schleswiblolstein, 2016) Since the 1990s the metropat region has been actively implementing

wind energyand has effectivelyripled its use of renewable sources since 2Q0Municipality Hamburg, 2016)
Hamburg is docile to its governmentalth of the deployment of photovoltaic and wind energy although a large part

of its renewable energy generation originates from bioenergy. The municipality sees the opportunity to utilize MSW
and generate electricity and heat. With the implementation d¥ithecipal Climate Protection Act, adaptation and
research programmes, the Municipality aims to cut back CO2 emissions considerably by investing approximately
022.5 milliona year in the deployment of renewab{Esiropean Commission, 201@jurthermore, the partnership
Enterprise for Resource Protection aims to encourage voluntary investments in increasing energy amd resour
efficiency enterprisefEuropean Green Capital, 2016)

Denmark has been a role model and pioneers in the energy transition aiming for fodnbost energy transition by
2050 which includes measures to transition ffossil to full renewable energy. With ambitious targets in all energy
sectors from efficiency measures to the deployment of renewable sources, Demark is one of the first in implementing
the green energy transitigRopenus, 2015) Transitioning from a conventional and centralized fossil energy system
towards a renewable and mostly decentralized system. It should be noted that, offshore windfarms are mostly
centralized. An important feature of the Danish energysttian is the integrated approach across sectors enabling a
steady transition process. Thus far, in terms of renewable energy integration, the Danish grid accommodated
increasing renewable energy feiedvery well(Ropenus, 2015)

At meso level, te municipality received international recognition for its work in climate adaptation and
mitigation as the city was elected as European Green Capital in 2014 by the E{Mpeiaipality of Copenhagen,
2015)

1.3. Scope

When analyzing urban environments one can identify three sectors for energy consumghdistny, transport and
the built environmentOpstelten et al., 2013)This studyskims the surface of all three sectors, but the focus will be
primarily on thebuilt environmenbecausehis sector offers great opportunities in energy consumption and generation
solutions(Geels, 2005)Moreover,the built environment is one of the largest energy consumers in the European
Union (European Environment Agency, 2016)

Successful transitions are characterized by an alignment of dof@eets, 2002)This studyfocuses on
three domains (function, technology, infrastructure) and one overarching domain (reginsg thelevant for ra
energytransition.It is assumedhat technology has a greater influence on the other two domains and overarching
domain of regimebecausdhe domairtechnologyenableghe existence of thelomairs functionandinfrastructure
Thedoman regimetunes into the changes of society &thusan effective partneior the other domains
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In terms of energy transition, cities are the problem yet also the solution. Academics recognize that further research
in this field needto address ciital issues and bottlenecks that cities oppose during a transition process. According
to (Bulkeley et al., 2011academics need to theoretically and conceptually contribute more on the role of cities in the
transition process beyond limited characteristicsisterical, political geographical and sociological, but also a more
practical engagement through system approaches and anghjsithesis contributes to this gap of knowledge using
asystem approacin orderto identify points of interventionto improv e c i t y 0 s (dmSilvaatialg 20iLl23 ms

For society, the transitiotowards a more circular energy systamhighly desirablas it addresses several
issues related to energy and climate change. Amongst éne (local) pollution and distribution and transmission cost
of energythat requires vast amounts of materials, for an ever extending grid and make up approximately 31% of
electrical energy tarif{International Energy Agency, 2016d&ventually, improving urban metabolism increases
cities selfsufficiency and improves their energy security. Témbles a $a and healthy environment for future
generations.

The existing built environment sector offers huge benefits by implementing renewable technologies.
Understanding to whaxtendcities may be able toransform their energy systeisiessential for furthespplication
of renewable energy in therbanenvironment.To meet futureeenewable energtargets,(Mathiesen et al., 20}5
suggest thatities plays a key role in the transition. It has been argueduttitan environments ane of the most
difficult areas to deploy renewables becaofgpatial and social limitations. Howevenae this step has been taken,
other steps can brelativelyeasilymade

1.4. Objectives
This study contributes to the existing literature on urban metabolism by providing a desamdi@nalysis of
electrical energy flows within the urban environmdiite primary objective of thithesisis to compare the electrical
enegy metabolisms of three European citi@msterdam, Hamburgnd Copenhageihis comparison will ultimately
lead to lessonkearned in relation to energy transition. These cétiesselected because of the comparabilityaoibus
aspectsuchas, spatialdemographic, politicaknd climatic characteristics and thegtatively comparable ambitions
related torenewable energgolutionsand technologiesA system approach offers robushd analytical tools and
thinking patterns.

The following sib-objectves support the primary objective:

1 to measure thextendof socictechnological transition focused on renewable energy in szlebtectity;

9 to decipher current socichnological barriers that hinder theogressiorof renewable implementation in
urban environment itself and in the existing built environment

1 to compardémportantdifferences betweethe selectedities in terms of renewable energy implementation
and transition status.

The aforementioned objectives will be achieved by

() Providinga detaled understanding of the dynamics of a renewable energy transitsaheictedurban
environments, andnalyzingwhat activates them efficiently

({0)) Assesmg the state ofAmst er d a m, Ha mb u r geneggy tdansiGoobp mtrotduairggean 6 s
generic MCA anajsis tool

(1 Exploringthe existing metatlic energy system in Amsterdam, Hamburg and Copenhagen

(V) Formulaing recommendations for optimizing tlheebanenergy metabolism

1.5. Research questions
To meet the research objectives the following gerresdarch questiofGRQ)is formulated
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(GRQ) To what extendwill the selected cities be able to transition towards a more circular electrical energy
metabolism by 20407?

Cities operate as linear energy systems and linear systems have multipleResoescesire neededo generate
energy Most times, these resources néebe imported from the hinterland. Currently, renewable energy contributes
only very little to electricity generatioff hisis consistent with the renewable energy implementation in the majority
of theEuropean countries. Nevertheless, the European Usinalits ancillary countries and municipalities hdaen
increasingly engaged in the transition from fossaiérgyto renewablsto meet their 204€argets.This does not come
naturally, a city has tgerform well in four domains relevant to a successful transition: technology, function,
infrastructureand regime.

History has shown us that the majority of countries and cities fail consistently at achieving ambiguous
renewable energy targets. This maydue to theinderperformancef one or multiple factors in the referenced core
domainsAmong these factors afdew renewable energy investment, predominant fossil fuel shareagabilityof
the energy grid to implement renewable sourtteis. expeceéd by means of including the domaiasd comparing
derived results from a case studlyat more accurate clarificationsand contributionsfor optimizing the existing
systemcan be madeTo be ablg¢o answer the above stated GRQ, specific research queateformulated:

(SRQ1) What factors contribute to a successful sustainable energy transition in Amsterdam, Hamburg and
Copenhagen?

(SRQ2) What important differenceexist in terms of selected domains between Amsterdam, Hamburg and
Copenhagen with respt to renewable energy transition?

(SRQ3) What can be learned from the selected case studies and applied to other urban environments in relation to
urban energy transition?
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1.6. Approach
The below figurg(Figure 1) presents the conceptual model. This elddinctions as an outline of the main topics
studied.

Figure 1shows that on the one hand, finite resources are extracted from the earth (oil, gas, coal) and consumed for
energy generatiorOn the other handnfinite resources in the form of solar irfadceare consumed to generate
energy. Finite and infinite resources directly relate to useehkrgy generation in urban (and namban)
environments. At present, one may argue that the metabolism of a city is dominantly linear, implying the input from
norrrenewable sources supersedes (>50%)rbiet from renewable source$he total amount of energy generated
consist of a mix from renewable (circular) and ienewable (linear) inputén addition a linear energy metabolism

is causally related to Grekouse Gas (GHG) emissions due to the input of finite resources.

___________________________________________________________________________________________________________________________________________________________________________________________
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o 1 : 1 |
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n H : : T
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] 1 @ |
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Figure 1 conceptual model

Based on th@bovepresentedconceptuaimodel, it is assumethat thecurrenturban metabolissiof selectedcase
studiesarelinear. Transtioning from the present situation (linear metabolism) towardslésérablefuture situation
(circular metabolism) implies the alignment in progress in the domains of technology, function, infrastructure and
overarching regime.

Moreover, itis assumedhatthe transitiortowards arelectrical energy metabolism is not egbatweerthe
three casedDenmark is the frontrunner in th&nsitionand thus their municipalities are subjected to a wide range of
available resource3 hereforeCopenhagen is asseaahto be more transitionedlativeto Hamburg and Amsterdam.
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Additionally, it is expectedhat theselectednunicipalities do not generate as much renewable electrical energy as on
thenational level because of urban restrictions lacdl limitations. Itis usually understootthat generatinglectrical

energyis not specifically boundedto municipal borders since electrical energgan be easily transported and
distributed from one place to another.
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fiThe scientific ammunity should work as hard as possible to address major issues that affect our everyday lives
such as climate change, infectialiseasesnd counterterrorism; in particular, ‘clean energy' research deserves far
higher priority. And science and technojog ar e t he prime routes to tacklI:i

Martin Reed cosmologist and astrophysicist.
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2. Theoretical framework

Thetheoretical framework focusdisst on providing aprecisedefinition of energy and Theoretical
the flow of concernfor this research drause energys regardedas an elusive or e
intangible termChapter 2.1 elaborates energy flovihe energy forms and efficiency

limits for renewableenergygeneration.

Energy E
Chapter2.2, describeslinear and circular urban metabolisrthe implications ofa l g
linear energy metabolism versus a more circular energy metaboliis. partis Urban g

followed by the concerned cities for the investigation. A brief introduabiihe cities Metabolism
is givenin appandix 11. Here also the common local characteristcs are elabetated l
as the urban, populatiogeographicalocationandmorphologycharacteristics. Urban

Then, as it ixlearwhat energy flow isncorporatedthe concept of urban metabolis metabolism of

CcOncern
is elaboratedand the cities of concern for the case stadynparisorare explainedThe l
theoretical framework narrows down to the core of this thesis: system tranditio
chapter2.3, historicaland current energiransitins, the levels in which a transition skl st ih
operates, policies that suppartransition and relevant domains in theansitionof l
urban metabolism in the energy seaoe more in depth elaborated Renewable energy

s10jedpuy

The quest on how cities might be able to achieve a more ainmdtabolism is by the l
application of renewable energy sourc€hapter?.4 goes into the depth of renewabl@ T TR
energy sources, renewable area potential, transmistigiributionand storage (flow environment
ofenergy).  EE

g
]
g
@

-
i

Lastly, since anansition is a rathexmbiguousand general concept, the research narr@ws.i &1 0L [
it down to the sector of built environmestaboratedn 2.5. As one ofthe three main
sectorsof energy consumption, the buinvironment,and its apptations towards
energy consumption and solutions for more circularityesqdored

Furthermore, throughout thikesis relevant and feasible indicators are identified noted in the green bar as seen
below Altogether acomprehensiveet ofindicatois from a tool todescribe the circularity of amrbanmetabolism
Theseare consequently arrangidfour relevant domains relevant for system transitidngormationregardinghe
indicatorsconsistof; the sort of data retrieved, thevel of accumulagéd datamesdmacro) and a quantified unit of
measurement.
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2.1. Energy

This chater clarfies the term energy and tlierm of energy theesearchefocuses onAlso energyefficiency
limits and its applications ateriefly elabora¢d. Concluding with aclear definition of energg nd t hus
of ¢ owith eegard & this researchspecified

According to MerriamVe bst er 6s dicti onary, energy 1is referred to
e | e c t(Merram Webster, 2016aln physics, energig referredtoastheb i | i t y the abfityomoked or
or yield achangein matter. Howee r energy is always fconser veam: it C @

however,be transferredetween objects and systems. Fraraple, due to photosynthesis plagtews and energy
can thusbe transferredo the people who digest the®imilarly, photovoltaic cells convegihotovoltaicradiation to
usable (electricakgnergyfor humanmadeapplications.

Another interesting notion aboehergyis that it comes in various forms which damconvertedo one form
or another. The known forms of energgtail kinetic, mechanical, thermal, chemical, electrical, gravitatioaatl
radiant energy. The main distinction between these forms of eneqmynmry energyandsecondary energgyang,

2012. Primary @ergy is an energy form directly derived from the environment that haseeot subjectetb any
conversion of energy transformation. Whereas secoretaggyis the conversion of primary energy into electrical
energyor fuel (petrol derived from crude ahdelectrical energy (Yang, 2012) It shouldbe notedhat conversion
efficiency varies quite strongly. Thermal and mechanical energy converg@dmiteddue to waste of heat. Other
norntthermal conversions such aid could be morefficient,but wind turbines do not capture all the wigrgergy

For all energyonversionsthere is an optimum of efficiency that can be reached, also known as the Carnot efficiency
limits (Yang, 2012) Carnot efficiency limit is often used tasdussgeothermakndheatexchange power engines.
Betzo6és | aw indicates a mawindmibinesrgntss, 05 Phajovottaic praelsaret y | i mi
limited by the maximum conversable light from our sun, also known as the Shdglksgser limit that delimits
efficiency of photovoltaic energy generation at approximately 33R84ntiss2015) Currently,modern innovation
reaches around 22% of photovoltaic conversion.

In the perspective of the above mentioned energy forms, the urban environment primarily consumes two
kinds of energy: thermablndelectrical energyThermal energys deived from heat exchange between operating
industries and thbuilt environmentsuch as renewable sources that supply channeled district heating to baths and
houses. Electrical enerdy derivedfrom the consumption of fossil fuels generatilgctrical eergy or renewable
sources converting kinetic, mechanical or gravitational energy to useable electrical energy. Although both energy
forms contribute to COZ2foresdegheteléctricalrerergg playssan ipgeebsing rolé ds@a | E A
CO2freeenergy carrie(lEA, 2008) The near elimination of CO2 emissions in the electricity sector is the cornerstone
of achieving deep CO2 emission reductions. New advancing technologies as renewablesatagtkieying this.

Aside fromenergy formsand convesions rate, existing trends predibat electricalenergywill become themain
energy source to be used in urbanized environmElgstrical energgonsumption has drastically risen leading to an
increase in the finaknergy consumption over 40% todayClerici et al., 2015) Aside from energy formsand
conversions rate, existing trends preditt electricalenergywill become themain energysource to be used in
urbanized environmentdroviding emissionfree electrical energyfor the ever expanding urban environments
contributes to a more circular energy metabolism.

Focus on electrical energy

To concludegelectrical energy wilbe our future primary energy source and thus inherently important to address

energy consumption. In Additiothere appear® be a broad understanding of the temmergy In literature energy

is often used to define a set of processes of energy camvensd transportation fueled by natural energy sources.

The absenceofdeard e f i ni ti on of energy | eads us theasabdepawerfthatr t he ¢
is derivedfrom any form oprimary or secondansource which male usedn physical systems order towork and

move' Thus, the conversion ofMnd, photovoltai¢ thermal) energy by renewable sources into direaHgble
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electrical energyneeded foreverydayappliances such as lighting, heating, cooling, receiving warm wiaténe

6energy of concernd of the present investigation.

2.2.  Urbanmetabolism

Now that electrical energy is the primary flow to be investigated, the urban metabolism concept is elabc
understand the relation between generation of (electrical) ea@dthe urban environmenf his includes the
environmental consequencefsa linear metabolisthow a more circular electrical energy metabolism contribi
to supportingesilientcities and selsufficiency and thus energy security.

The urban enviramentis able tosustain its current form because a variety of comfifexsupporting arteries
congsting of for example energwaterand materials To understand this complexstemthe concept of metabolism

is conceived in thearly 1800shby Karl Marx and renamed urban metabolism. As one can imagine, a continuous
extraction of fossil fuels from the hinterland acohsumingthe fuels to meet energy demand will lead eventually
depleted sources and an increasing amount of emissions e a r t h 6.9n this tesearchihdrt@nceptof urban
metabolism is usetb understand the relatidsetweenhumans and nature and the extract@ma consumptiomf
resources from the hinterland for urban systems and in particular the energy Jystmake this more exit in

terms of measurement, the consumption of electrical energy can be quantified by including the indicator of electrical
energy consumption commoniilized by institutions and organizatioras (WorldBank, 2016)and (UN, 2016)

displays the total electrical energy consumption divided by the number of inhabitants.

Electrical energyconsumptiorper inhabitant Unit: kWh/inhabitant

Thus, the than metabolism is the abstract notion of energy systems in urban environmentslzadefmeds "the

sum of the technical and soed@onomic processes in cities, resulting in growth, prodoaf energy, and elimination

of wdKernedyp et al.,, 2011)Understandindhe resourceflows supports sustainable city planni8giller and

AgudeloVera, 2011) The framework of urban metabolism dag usedor a twofold objective: first, it enables to

analyze various flows associated with urban environments so to recognimmerental impacts from these flows;
second, it helps to understand the rel at i (Kemnedyfetalbr esour
2007) The concept of o6urban metabolismbé has therefore be
and their interplay in determining more or less sustainable urban metab@Kemsedy et al., 2007) Urban

metabolism includes the fundamental idea of being completely independent in resource consumption and generation;

in essence seHBufficiency.

Dependency eleciical energy (selfiiency)

The concept of Ometabolismé originates from the field
cellssimilar to thefunctioningof the human body. Thustteoncept of o6urban metabol i smb
sustainable development of cities in a way similar to the analysis of metabolic processes of living organisms. This
conceptis usedas a way oEnhancingur understanding of complex soaitban phenommea and processes in the
early 19" century(FischerKowalski and Huttler, 1998 nd(Wachsmuth, 2012)

Around,approximately, the '60sf the past century, thenderstanding of the urban sphere started to change
thanks to the crossover between related disciplines such as edutigygy, andcybergenetic¢Elzen et al., 204).
From this point in time onwards, urban spheres no longer sees static and isolated entities but an interconnected,
dynamic and ever changing systems tirat deeply connectdd the natural ecosystem surrounding thitzen et
al., 2004) In the same decade bi ol ogy woul d become biochemistry, and t
the processes of organic breakdown within individual organisih$atween organisms and their environmé&he
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concept of metabolisris recognized as a widely applicable concept to the processes through which bodies change
and reproduce themselves; this widege application of the concept of metabolism led, conséguém a more
holistic conception of ecosystems relati¢fsscherKowalski and Huttler, 1998nd(Wachsmuth, 2012)

2.2.1.Linear metabolism

A metabolism caeither be a linear or circular process. Both processes require an equal amount of resources. Although

the extraction or location of resources used and the required energy is inherently diffeedimtear metabolisnas

seenin Figure 2, theinput of various resources occurs without activating the function of nesele the majority

of resources equals the output of waste, as sho\@.iKennedy eal., 201). Thisis, thereforean inefficient process

consisting of an equal amount of inputted and outputted resources.

The relevant 6linearityd means that new edagaheruthac es nee
reused/recycled, with the consequence that natural resqieesedy et al., 2007/eep being depleted over time.

With regardto the energy flow, for instance, preventing such continuous depletion implies a combination of energy
efficiency and clean energy technologi€srardet, 199k

Linear metabolism cities consume and pollute at a high rate

Organic
Wastes

(Landfill, sea

dumping)

Coal
oil
Nuclear

Emissions
(CO2, NO2,
S02)
55 Inorganic

Outputs Wastes

Goods (Landfill)

Figure2 Linear metabolism of cities (Rogers, 1997)
Circular metabolism cities minimise new inputs and maximise recycling

Organic
recycled waste
Food
Reduced
Renewable Pollution &
Energy S J Wastes
Inputs _“a Outputs
Goods
recycled Inorganic
waste

Figure3 Circular metabolism of Cities (Rogers, 1997)

Transitioning towards a circular metabolism would benefit the resoyale because of: an increase in resource
efficiency, avoiding waste by using it as a resource or input of new valuable products, sughertesjlienceof
urban systems and achieving environmental sustainafgflitgrdet, 1999 Global energy demand requires extraction
and transportation of finite (fossil) resources.

2.2.2.Circular metabolism
In acircular metabolismas seen ifFigure 3, the majority of used resources are reused setycled.This is more
efficient because it decreases the need for inputted resources, and thus the pressure on the natural environment
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(Kennedy et al., 2007)Also, energy consumption for resource transportation is considerably lower in a circular
metabolism, because resources Wwél reusegdthus, reallocation of resourcesth regard totransport distance (for
processing, distributiontransportation and usage) is much lower, also seehigare 3. Furthermore when
considering ecircular electrical energy metabolism, cities can become moregéilfient in their energy supply.
Indepenéntusing generating green energy and store the energy locally improves energy security aeslitbnse

From linear to circular

Keeping in mind these distinctive elements of linear vs. circular urban metabolism, a call for transitioning the former
towardsthe latter has attracted the interest of urban sch(idzen et al., 2004)Geels, 2002and (Rotmans et al.,

2001) international organizations and governments. The tiemsitionrefers to a change in the dynamic equilibrium

in which an existing equilibrium is superseded by a new one. Heangb new systems offering solutions in the
environmental field are: the hydrogen economy, the shift from coal to oil, industrial ecology (closing of material
streams through reuse mobility) and customized mobility (as an alternatatgaimobility). Here, the concept of
transitionrelates to the process of transformation through which consglemschange in a fundamental way over

an extended period of time, 25 years or m@&ileen et al., 2004 However, a transition can also be a rapid changing
environment due to nuclear meltdowns (Fukushi(&#en et al., 2004)
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2.3. Sydem transitions

This chapterexplorestransitions The chapter starts with paragraplRiB.1 that showsistoricenergytransitions
and provisiontheir characteristics and events that led up to en¢oggrergy transitions.Followed by transition
phases elaborated jraragrapt?.3.2 paragrapt®.3.3. paragraph 2.3.grovides an explanation ttie meso level
whichis primarythe levelconcernIn addition, thémportant characteristics of a transition vii# addressed.

Transitions have occurred throughout history and were part of thetsotioical environment since the existence of
humankindGeels, 2005) Accor di ng t o Weditieni sr 8¢ hbPi pahiseageyfrom one
or place to another, or movement, development or evolution from enenfost age or ¢Meryidme t o an
Webster, 2016)

Examples of a transitiort éhe level of society as a whole, the transition from a prehistoric hgatkerer
rural society to urban societyde factoa system transition. Another example is the transition from rural to industrial
society(Elzen et al., 2004)These examples show here are many scales at which we can observe the phenomenon of
transition, such as thgansitionof transport systems from horpewered to autanobility, or thetransition from
telegraphic to digital communicatidilzen et al., 2004)There are also transitions at the level of organizations and
firms; for example, the tresition ofcard machineto personal computers, and from IBM to Apple operating systems,
or the Dutch transition from coal mining to tbleemicalindustry(Elzen etal., 2004)

With regard to urban metabolism, a transition requires taking into account the overall resource flows
constituted by energy, water, food and organic/inorganic matefiaasitionof each of the resource flows towards
a circular cycle can hiatroduced by new technologies and the respective innov@@manset al., 2001)Transition
of all four flows is not a parallel development since each of the flows are inherently different regarding their
measurement, regarding their substance, and thus different regarding thieclme@ogical innovative solutionisat
need to be implementd#lzen et al., 2004)

Likewise, various energy transitions occurred in the past such as the transition of loalassdcoaloil
andgas. A short historical insight is given to review how energy transitions emerged and the primary incentive to
change the socitechnical energy system. This will give the reader a moedepth understanding why humankind
has chosen fossil fuel as a maimd primary energy source leading to environmental deterioration.

2.3.1. Historic energy transitions
The beginningofthe & ent ury was characteri zed Hguredbin thidtimepedda | fiene
biomassvas the predominant resource to be used. The consumption of coal and other energy materials were practically
nonexistent until later 1904Satterthwaite, 204). Immense agricultural arldbor productivity progresses allowed
the existing population to create an agricultural surplus that permitted the growthloibtamgical urban population
(Satterthwaite, 2004)In addition, the industrial revolution between 1840 and 1870 ensured new technological
advancements in machinery, improvements to yield food and thus new methods to create cities to accommodate the
rising populdion. To supply demand, resources with a higher energy capacity (per kg) compared to biomass were
needed. Coal was the logical resource to replace biomass because it has a much higher energy capacity, can be easily
extracted and wasostsuitable resource be consumed when taking into account the latest technological inventions
such as thesteampoweredengine(Satterthwaite, 2004 However, coal is one of the worgbntributorsto GHG
emissions, which was by then, not a concern at all nor was it defSatdrthwaite, 2004)n addition to the steam
powered engine, the infrasttuce rollout in America and Europe, such as railroads were extensively developed during
this period of time. The increasing amount of networks throughout both continents ensured steady and rapid
transportation of high quantities of coal, and thus a greateunt of energy being distributed.
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Industrial revolution
During the period of 1870 till 1940 coal was becoming the rising material for energy provision. Here we see the
transition from a biomass soeézological regime to a fossil fuel based regiFigure4 shows the rising consumption
of coal while simultaneously biomass consumption steadies. The use of coal ensured tlzeeagfidiban expansion
in height and widthi{Satterthwaite, 2004without coal, emerging citiesarly 1900svo ul dndét have exi st e
of biomass as energy systéon creating urbanvironment this system was more t@ss abolished within a matter
of decades although in the first phase of industrialization there was still a coexistence of biomass and coal as an
energy resource.

In the time spectrum of 1900 1940 oil was introduced to the marketk-startedby the Texas oil boom.
Oil was seen as a new resource that could lead to new applications and technologies and would provide the necessary
energy provision to accommodate a new generation enjoying méogoowth.

Post world war 11

Post world war Il the major trend of oil consumption continued virtually unbroken. Within two decades (1950 to
1970)world'stotal energy mix constituted roughly 50% from @lwart, 1992)Not only did oil contribute as a high

energy resource to the built environment and the infrastructure market, it also penetrated rapidly into the stationary
energy market such as natural gas. The discovery of the Groningéeldmerisured a new sizeable share of domestic

and commercial energy consumption and thus a new market in The Netherlands and Western Europe. In the beginning
of 1970sWestern Europe was mainly fed by the Groninges fields In the samalecadegas from ésewhere in

Europe (Russi@ Norway) began to flood the market which led toadmundanceyas resource and consequently a
socigecological transition from coal to oil/géSwart, 1992)

To conclude energy transitions are deeply rooted in the existence and development of societycimatioa of

relevant technologies and urban expansion to accommodate a rising population and economic growth. A firm
transition constitutes recurring patterns anccrhea ni ¢ s , Rip and Kemp (19®8i use th
context,working configurationscannoteasily be boundefiom the rest of society. Skillpatternsand routines of

behaviors of institutions of organizatioase embeddeth such a way tht they cannot easily be changed (lig).

One patrticular change is the infrastructure and technologies involved.
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A well-developed infrastructural railroad network helped the transition from biomass to coal. Though, the railroads
were not purposely dewaed to transport coal. However, the transition from coal to oil required a different means of
transportatiorpurposelydesignedor the energy provision of oil/gas.

Well-developed infrastructure is impeccable for any reergysource to supersede exigf energy sources.
A remarkablegiven in energy transitions consist in the fact thatelteloped infrastructure supports geeurityof
energy supply as seen during the shift from biomass to coal, and coal to oil/gas. In a period of rapid tramsformati
increasing deployment of renewable energy and interconnection daneand exportdo countries with different
technologies and demand patterns, challenges lay ahead in which security of electricity supply is inherently important
(Danish Energy Agency, 2015)he Danish recognized the pmrtance of energy supply due to the 1970s oil crisis.
Their dependency on imported fossil fuels was a liability to the economic wellbeing of Denmark and its Capital. As
such, Denmark began developing and deploying wind energy, concurrent to the techhotggovements in the
wind energy sectdiMoéller, 2010) thereby introducing policies and regulation effectively changing the configuration.
Changing thigequires a socitechnological system shifn every part of the configuration. Therefore the beginning
of a transition is practically neexistent for the majority of the populaticmslow process of relatively small changes
in the configurationThetransitionprocess cate understootby a nonlinear development that characterizes four
defined phasesnultiple dynamicsand interconnected aspects that together form the direction and pathways. The
next sectionglaboratehe differentphaseghat constitute a transition process.

2.3.2. Transition phaes
Sociotechnical transitions can thus be understood by identifying various phases that constitute a transition process.
The phases can be described as a set of continuous changes, which reinforce each other and take place in different
areas: technolgy, institutions, behavior, culture, ecology the economic system and believe $istenans et al.,
2001) The four phases described Rgtmans are illustrated irFigure5, this is a simple and abstract conversion of
the transition phase process. Every transition in history lbas ar less followed the typicat@irvature. It should be
noted that every transition varies in speed and acceleration relative to each area.

4 Stabilization

Indicator(s)
for social
development

Acceleration

Time

% Take-off

Predevelopment

Figure5 Four phases of transition described by Rotmans (2001)

First phase constites the predevelopment emergence of novelty in an existing cdnthig is a hase in which
smaltscale initiatives arise and a transition is barely notice&#eondphase constitutes the také#: technical
specialization in market niches and explamatof new functionalitie$ here the process of change gets under way
because the system in which the regime is in place starts to absorb the transition impulses and shows a start of a change
processThird phase, here finds the sodichnical transitionits breakthrough: wide diffusiotihe breakthrouglf

new technology and competition with established regimestructural changes occur and are translated into
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mainstream practice of many actdrastphase is the stabilization: gradual replacementtabéshed regime, wider
transformationsNew system in a dynamic equilibrium is establisti@els, 200band(Rotmans et al., 2001)

2.3.3. Transition dynamics
A transition thus undergoes several phases which deteaniviéch state the transition is inand can be defined as

a gradual but spontaneous process of change where the structural character of a society t(Ruodfoams et al.,
2001) Transitions are thus not constant nor deterministic phenanThey involve a large range of possible paths,
directions, scales and speed that can be influenced by governmental policy and intervention without, however exerting

full control on developments and outcomes.
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-

* _y Small networks of actors support novelties on the basis of expectations and
* *’ ; visions. Leaming processes take place on multiple dimensions (co-construction).
‘v ¥ Efforts to link different elements in a seamless web

Time

Figure 6 A dynanic perspective of transition in progredsscribed byRotmang2001)

The figure above portrays the dynamic nature involvadFigure5 showed a more abstract conversion of the
phases Figure 6 displays a morén-depthillustration. Here the transition starts with the emergence of a new
innovation influenced by factors as technology, science, industry, policy, culture and markets of user preference with
a lot of experimeration and uncertainty involved (poevelopment). New technologies and innovations struggle to
compete and to breakthrough. The moment theskrdak throughthe regime one can expect a takeé of the
technology and innovation. The model implies thati the upperlevel stability increaseshereforethe pathway
becomes more deterministic. Howevedtigure 6 also implies that there is an increasing analytical structuration of
activities of three levels: nicHenovations (micro), socitechnical regimerfiesqg and societechnical landscape
(macro).

Altogetherthese factors direct a transition in a range of possible pathways it may transition to. Also the rate and
why it will be picked up by society may waaccording to the diffusion of those factgrasFigure 7 Technology
adoption rate in the UShows. Different technologies and their penetration in science, technology, culture and level
of support is highljheterogeneousgience the Survature is not as smoaodls displayed ifrigure6.
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Instead the Scurvature follows a higly volatile path with ups and downs. However, the volatile path leaals &
curvaturethrough time. As seen in the figure above, the steepness of the curvature is thus different for each
technological product. Whereas radio, computer, V@Rrowave andhe internet are adopted rapidly. Telephone,
stove, clothes washer and dishwasher are addpgedtl o Tie isnot'because these are unable to see the opportunity.
But they settle more slow, modest and make incremental improvements. One particulargricefast adoption is

the drop in the price of cofitlall and Khan, 2003)

2.3.4. Policies in transitions
Policies are important during the takff phase and thus establishment of a transition. Disruption ofifecknd
dynamics of the existg regime may be pursuech@an a wide pallet of policies in the electrical energy sector is
implemented that addresses support as economic (subsidies) and regulatory (market) instruments. Therefore the
researcher suggest an indicator to measure the leapiltion of renewable energy focused on the electricity sector.
The indicator must meet a humber of conditions to be included. Distinction if policies will count in the indicator
constitute jurisdiction and policy status; natiohatate/regional and micipal, and the policy status; only enforced
or planned policies will be taken into accourdstly, onlyin-force policiesare included

Level of ambition renewable electrical energy policies Unit: # of active policies

2.3.5. Mesolevel
Dependingon the analyzed context; tiseze of spatial interpretation and range in which organizations or institution
will be analyzediifferent levelsare establishexhnging from micremesd macro. Micro;The micro level comprises
individuals, actors, companiesd or movements. At this level new techniques, alternéistenologiesand social
practices may be subjected to variations, most often these are supported by public {Rugitzss et al., 2001)

The mesdevel i the level of concern in this researchcomprises networks, communities, urban
environmentsand organizions. Here interestsules,and beliefs that guide private action and public policy are for
the most part focused on optimizing rather than transforming systems. This level consists of three interlinked domains.
Firstly, a network of actors and sociabgps; for instance, actors that operate utilities, the Ministery of Environmental
Affairs, large industrial users and households as a collective éB&tyls, 2005)Secondly, formal, normative and
cognitive rules. An example of formal rules are regulations and lavexaanpleof normative rules are relationships
and béavioral norms; aexampleof cognitive rules are guiding principles and belief systems. Thirdly material and
technical elements. In tleaseof sustainable energgourceshis means the electricity grid, photovoltaic panels, and
the generation of electity, so on and so forth. The most dynamic changes transpire beteso{regime) and
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micro (niches) leve{Geels, 2005)Macro level comprises institutions, organizations, nations or federation of states.
This level is thesociotechnical landscapehich essentially forms the exogenous environnigemp et al., 2007)

Notably, the mesoleveis the level of concern because this is the level municipalities/cities operate. The micro and
macrolevels are, for the most pathus exaided from the remarch objectiveThough, at times, the macro level will

be includedvhen no homogenous data setsasclevel can be derivednterplay and dependencies between levels
maybe analyzethy using a concept called the mdé#ivel perspectiv€MLP). MLP specifically looks into the relations
between various levelMulti-level perspectivavill notbe part of this thesis but has been briefly looked at during the
process of gaing knowledge about transitions and the interdependencies betweeve#| IThe thesis focuses on a
horizontal (primarilymesaclevel) analysis instead of a vertical aligned midtiel perspective analysis

2.3.6. Core domains
Transitions are characterized by identification of core donf@asls, 2002)Successful transitionsecome aeality
once domains are 0al i gamé&klbofsacrechnologidl acceptantdlegaed impliesdhe ¢ e
equal advancements and improvements in respect to the dohmiisis alignment and acceptance what contributes

significantly to the dur dtakeofhd otfoi abteanbda hszat ononf domThbe

relevant to a sociechnical transition with an energy character constitute the following; technology, function,
infrastructure and regime, these are further delineated for investigation. Arguably, adddioaais as culture, social
acceptance, distribution and more abstract domains as the relationship with customer base, industrial networks,
customerapplications channels of distribution and service, technical @kéksls, 200 may be contributing to a
(socio)technical transition, however the focus is solely on theiomeat domains and will be briefly elaborated below.
Technology is an important aspect because it fulfils the function of the decimnical transition.
Technologies enable societies to push development of newly addressed innovative products suppegiec:dy
(Geels, 2002)Technologies serve pieces of equipmentpeessary scientific instruments to improve a product and
are essential to thelfilment of functions in other regime domains (markets, networks, infrastructures, culture,
knowledge)Geels, 2002)Thus forbreakthrough technology there is supporting infrastructure because, in effect, for
a technology to exist and stive in a socit ec hni c all environment, whether the

t €

6di esel engineb6é, the supporting function is the-infrast

technical environment and thus disrupt léok.

Determining the current state of affairs with regard to renewable energy deployment, as mentioned in
indicator6 s h ar e o fprovidesateewneadarcheransight about possible renewable sources that are currently most
popular in the urban enviroment, and why. Thereby assuming that, obviously-memewable sources (fossil) will
decline and renewable sources increase with the expectation that renewable sources will supersede fossil sources in
the near future.

Geels (2002) argues that the natufeadransition is socitechnical, here the societal relevance is the
function it serves. For instance, due to set@ohnological advancement electrical energy can be distributed and thus
consumed meeting demand. daseof a technological transitionhé function will remain but the technology is
replaced. The technology would cease to exist when the function (in this case consumption) ceases to exist.

These two core domains are interconnected byirtfiastructure domain that could be interpreted as
supporting strings between technology and function domains, without infrastructure both domains (function and
technology) would become obsolete. It enables technologies to be applied and thus the function to work as intended.

The overarchingomainregime can be understood as a marionette pulling the strings on technology, function
and infrastructure paving the way for continuous development and directing those through governance. The domains
have to be managed properly by the regime generally opgratithe macro level that constitutes governments
(municipalities or national) or electricity sector with influence to steer and control deciRBiegignes constitutes
governments (macro) and local authorities and markets (micro) which are directly telatedicipalities (meso).

The regime governing the electricity sector in Europe is mainlydtvin oriented(Glachant, 2009)This is the
primary orientation that gains political and institutional support from the EuropeamiSsion(Glachant, 2009)
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The regime has the influence to manage, steer and govern other domains as technology, infrastructure and function
their correlation will be briefly discussed. Hence the regime is an powerful orgarathatake or break a transition.

2.3.7. System transitions and core domains
The acknowledgmenof three core domains and one overarching domain is not uncommon in innovative transition
theories. ScholarBergek et al., 200&ecognize the differences between the domagthnologyfisociotechnical
systems focused on the development, diffusion and use of a particular technology (in terms of knowledger produc
b ot (p.)4andfunctionfiher e | ab el iemhichhdve andicectiaml mmediate impact on the development,
di ffusion and us gp. 9 andimrastwucttre fcbmplenhentayy assethich as complementary
products, services, network infrastructar@. 21)

Similar domains have been applied in economic transitions, however it should be noteemh&iansition activates

different aspects or underlying properties of the domd@gaising hydrogen transition example and the process of

the Hydrogen Initiative established 2600 also displayedn Figure 8 (Sperling and Cannor2004) we try to
emphasize what factors seem to be important in an energy related transition. Additionally, the importance of
interdependency and correlation between domains will be briefly highlighted because a full transition will only
become aealtyonce all domains are 6al i gne d o6-techmokbgical acpeptancee nt e d

Figure 8 reflects the four phases (thec8rvature-Figure 5) in which the first phase (predevelopment) is
described as R&D, this implies that ttezhnologyhas yet to be researched and developed and deployed between
approximately 2000 and 2030. Hydrogen technology is currently (2016) available to the market and should have
enabled the technology to penetrate through markets.

Phase two (takeff) constitutes the transition into the marketplacecdseof the hydrogen transition we do
familiarize us witha penetratiorin the vehicle industry and small household hydrogenicgifpns for energy
generation. Hydrogen vehicles are currently being produced and thus accesailgecater audience. Hydrogen
vehicles do not underperform compared to fuel combustion engine vehicleseletttic vehicles, th&inction that
it serves is equal to an existing product, transporting people from A to B using existing (paths) infrastructure.

Strong Government Strong Industry Transitional
R&D Role Commercialization Role Phases
[ B
_____ I. Technology
i
Phase R&D | t development
! phase
4 Commercialization decision
Il. Initial market
h .
AL ITransmw to the marketplace |lI penetration

phase

Phase
1]

Il Infrastructure
investment
phase

Fizz Realization of the hydrogen economy >V IV. Fully developed
v market and

| | | 1 - infrastructure

Lag phase
2000 2010 2020 2030 2040

|Expansi0n of markets and infrastructure |III

Figure 8 Transition process of hydrogé8perling and Cannon, 2004)

The third phase constitutes the expansion of markets and more impgoitdraktructure . Here we see the hydrogen
transition stagnating, most probably due to lackiefyeling infrastructure(Ross, 2002)Instead of relying on an
existing infrastructure network, such as the electricity grid, hydrogen reliescompletelynew set of refueling
infrastructural components. In addition, the highly flammable substance ndsedstéwed continuously under extreme
pressure which raises the cost of infrastructure signifiogd@ulys, 2002)andSperlig and Cannon, 2004)
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Consequently unsubsidized private sector investment has proven to be very limited. Inaé&gasport transition,

ensuring travetange, quick and simple refueling may be the most critical technical infrastructural barrierdo broa
consumer acceptandSperling and Cannon, 2004y hus the hydrogen transition imposes high risk and costly
investments to overcome the gtevelopment phase. So what about the renewable energy transition to achieve a more
circular energy metabolism? Schol@oothout etal.,, 20168 mphasi ze t hat countries with
thus a low risk for renewable energy investments. Risk profiles are based on country risk, the policy design risk, other
risks frequently mentioned in the t@prisk categories are administrative risks (including permit procedures), market

design & regulatory risks (including energy strategies and market deregulation), and grid access risks.

A system approach can be used to treat and analyze interactions in complexneents and transitions as a system
such aghe hydrogerexampleThe systena p pr 0 a ¢ h i gsoupdoéiriteractiaglbodées under the influence of
related force8  aregulafly interacting or interdependent group of items forming a unified whierriam
Webster, 2016)In urban environment literature system approach is defined as; an ability to deal with interaction
relations in complex environmenf€ooper et al., 1971) and to enable cities to better analyze their strengths and
weaknesses and identify points for interven{ida Silva et al., 2012 he system approach stems from the principles
of systems theory. System theory is a multidisciplinar
interrelated system. The systems approach progittesad perspective on factors and interactions. They support the
understanding of theystem by providing a snapshot analgdithe current situation. However, system appraiugs
not (unlike nulti-level perspective) address the dynamic aspect andoredabetween levels, nor does systems
approach address system behavithti -Beer, 2013)

Figure 9 System approactisplays the abstract notion of a system that is characterizedabgedy self
sustaining system (regime) in which subsystems (technologies, functions, infrastructures) operate. These subsystems
are further subdivided by sibling systems.

Figure9 System approach
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2.4. Renewable mergy

This chapterelucidates the most conventional renewable technologies that generate useable electrica
Advantages and disadvantages with regard to energy conversions and applicit®nrivan environment an
more particular existing built environment are briefly discussed. Additionally, the renewable potential is di
and elaborated. It is important to address the most conventional renewable technologies for furtheormle
and distinction between renewable and-nemewable sources and their potential in the urban environment.

Arenewables our ce i s defined as 6écapable of being replaced
practices6 or cedamptnatamr alepdiesnowm itsel f nlddariamal |y ov
Webster 2016)Iin any sensegnewable soursaises natural resources which can thus be a biological reproduction or
natural resources partedr t h 6 s e n v istudgfacosesnoh four Tehewable sources; winghotovoltaici
biomass and geotherhenergy, thereby excluding nuclear energy as a renewable source. Despite nuclear energy, a
more or | ess a 6clean energyd source, its inclusion ir
against nuclear is that it uses fuel in the fafruranium, a finite resource and it produces harmful nuclear waste
which goes against the notion of renewable being a safe and reusable source.

In addition, the research questions may best be answered when analyzing the renewabtiegiogrggnt
in various cities. This can be measubgtyathering data about the renewable energy technology rollout in the relevant
municipalities.Variousindicatos are described in literature and renewable policy documends measur e fiene
per f or asathe devélpment and goals for renewable energy sharbeat or electricityin (%) (European
Commission, 2016)xnd @ergy consumtion and performance of buildings (kWh/m®era and Langlois, 2007Pn
the basis of the noted indicatorssprecificindicator is derivedor this research

Share of renewable sources Level: meso Unit: %

The percentage of renewable energy generation within the municipality includes data from various sources described
in the next paragraphg/hile the indicator share of renewable sourcessmess the current state of affairs, similarly,

the researcher wants to gain insight about future renewable energy targets and thus future deployment of renewables.
Therefore the indicator future share of renewable sources by (2040 or 2050) is derived.

Fuiure share of enewable Sources (2040

Advantage and disadvantages renewable sources

One major disadvantage of renewable energfyeisonsistenaind reliableconversion of large quantities of (electrical)
energy(UNFCCC. Conference of the Parties (COP), 20%B)ution for this ielectrical energy storag&/NFCCC.
Conference othe Parties (COP), 2015However the major advantage of renewable sources is the (net) zero
emissions and contribution to a circular energy metabolism by decreasing the dependencefueidodsith relates
to less extraction from the hinterlanfio meet energy demanthe urbanand norurban environment nesdo be
drastically changed in order to situate sufficigmantities ofrenewable energy sources to meet energy demand
prospected by (local) governments.

Most renewable technologies ralirectly or indirectlyon sunlight or the photovoltaic intensitipr wind
and hydroelectric energy the result of the sun heating up Earth atmosphere and surface. Photovoltaic panels convert
sunlight tousableelectric energy or heat for otheonsumption pyroses. Bio(mas®nergy is basically photovoltaic
energy contained and stored by plants by natural metabolism. Geothermal energy depends on radioactive decay in the
earthdés crust ¢ o mb iTheenrdin rgnewable dowces disclssédfinaghevting pagagraphs are
(onshoreyvind energy photovoltaic energygeothermaknergyand bioenergybecause thesare the most usable
renewable sourcéas urban environment®ther renewable sources such as wdal, hydro are largely applied in
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nonurban environmentgSiegel et al., 2010However, energy generated in the hinterlamday of coursebe
transported and distributed to neighboring regions and municipalities, although this is accompanied by the restrictions
linear metabolism possess. Restrictions such as transportation and management of directing energy.

Photovoltaic energy

Solar photovoltaic Panels or (PVs) are able to partly convert solar irradiatnsable electrical energy and is the

3th most generating type of electricity in the European Urfieurostat, 2016.)The conversion occurs by photons
absorbed isemiconductiommaterials that separate particles that serve anargycarrier. Two man types of cells

are currently on the marketdilicon-basedcells (Crystalline or Amorphous) and neiicon based cells as Cadmium
Telluride, Coppeindium-Selene/Sulphate or other organic materigoefnagels et al., 2011PVs may be
implemented in centralized systems by large quantities of PVs installations irareaaslwhen considerind®V

systems in urban areas the system can be characterized as decentralizedrichdysffemsThe overaltheoretical
resource potential of photovoltaic electricity gemieraappear to be vast, also seeAppendix 4Solar radiation and
photovoltaic electricity potentiaSouthern Europe tends to have the most irradiation for obvious reasons, although
the feasibility of generatingsableenergy can be defined as good for the entirety oftEuicbpe.

Advantagessolar panels are easily applicable in urban environments due to the relatively small size of the panel and
thus easy to integrate onto rooftops of buildings. However, one need to take into account the operating peak load of
solar panels. The constructiand assembly cost photovoltaic cellss exponentially reducing in price due to mass
market productionR&D and innovation. In addition, operating and maintenance cost is low, considerably lower
compared to wind turbines per watt.

Disadvantages: geneirag a small amount of electrical energy requires quite a large amount of solar panel surface.
Photovoltaic panels are generally subsidized to lower the price boundary for consumers. The question tanfains if

of photovoltaic panels drop significantlyefore most subsidies are halted. The future of PVs partly depends on
subsidies and economic performance, electricity cost of PVs still exceed the cost of other renewable and conventional
sourcesAlso conversion efficiency of the cellssa limited operahg capacity between 8 and 25¥Woefnagés, et

al., 2011)

wind energy

Kinetic wind energycan bepartly converted to useable electrical energy by wind turbinesisatiie second most
renewable generating tyjpé electricityin the European Unio(Eurostat, 2016.)Wind energy can be harvested-on
and offshoreand is dependent on wind spe&daddition, according tgHoefnagels, et al., 20) he regine possess
a crucial factor that influences energy outpnturbanenvironmentsonshorewind-energypose to be more difficult
to situate because of spatial and environmemastrains

Advantageswind is a great resource for energy generation bec#asecan be situated at locations where resource
potential forwind is relatively high(Hoefnagels, et al., 2011presented a wind energy potential maappendix3
Wind energy resource potentiahwhich one sees that Westdfnrope has a greater whsdergy potential compared
to SouthEastern and inlanBurope, especially Denmark appears to have favorable conditioreddition to
applicability, wind turbines have a small construction basd carthusbesituatedn urban areas, might be it in non
reddential areas asoenmercial and industrial zones depending on urban density.

Disadvantages: ain disadvantage comprises the factoretiibility. Wind is, and always will be unreliabla terms
of consistent and sufficient wind poweZonsidering the Uran environments wind tuiriesform a social barrier in
noise and skyline pollutiorProtests and petitions guart of the development process and tend to dedetpio wind
energy developments. The regime may pose another disadvantage because iegnéoergy output.

Bioenergy
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Biomass is a widely availabkesourceand its utilizatiorfor conversion to usable electrical energy offers a solution
to reduce harmful emissions by conventional souresording to the definition of renewable sourcesgbiergy is

de facto a renewable source because it uses natural resources that can be replenishedHvgetierét should be
noted thathe process of using biomas® generate electrical energy is not completely emissionsBieenergyis
generatedy burning biomass asheats crops orbiodegradable household wasted gas like products, these are
turned into heat or electricity by powering generators

Here, wefocus on MunicipaiSolid-Waste (MSW) to be used as Wasim-Energy (WTE), because
munidpalities and certainly citieggeneratemostly solid waste instead of othbiowaste(FischerKowalski and
Huttler, 1998)Municipalities as Amsterdam hawvperationabio-energyplants, these plantsdrea b el ed as &ér ene
ener gy G oblenemissonsoutput That said, using bioenergy plants in municipalit#®s is only
economicallyfeasibleand environmentallywhen MSW is used to generate heat or electritiitg. bioenergy plant
would solely consumbiowastespecifically prodeed to feed the biplant, controversiallyfeeding amunicipality
the size of Hamburgequires a designateiosurfacearea roughlyhe size of New Yorkity. Hence MSWs a more
feasible option that contributes to a more circular metabolism is matandlenergynstead of a bioenergy plant
fueled by biowaste specifically grown to be used in the bio to energy prdt8¥¢ is being imported by consumers
and there is sufficient MSW containing biowaste to be used in bioenergy plants.

Advantagesbiomass ontains quite a lot of energy when incinerated, thus high quantities of energy and
usable electricity can be generated. In almost every EU country bigM&%8) is the largestrenewableenergy
contributor(Eurostat, 2016.)Transformation from existing fossil fuels, coal and gas fired plant to bioenergy plant is
economically faside. Consequently, over the past1®years in the European Union, heat and electricity production
from biomass increased with some 2% and 9% per year, respediiadyj, 2006) When consideringurban
environmentsthe greatest benefit of biomass is the incineration of recycled hddsghste. This wast®-energy
process reduces the ever increasing landfills and contributes teaeacimular material metabolism of the urban
environment additionally the plants can be built close in proximity in urban areas utilizing local wastertfy en
(Siegel et al., 2010WTE/MSW contains biomass materials as cardboard, paper, ¥amutl, leather and other non
biomass products as plastics. Both bio andmiomass products can be used for wagtenergy.

Disadvantagedirstly, as mentioned in the prelude of this paragraph, the process of cresdipigenergy
from MSW is not comletely emission free. Secondie creationof energy from biomass it the most efficient
process and the inputted materials are lost in its entirety. Thicdlyyentionalbiomassto-energy requiresa
centralized energplantrequiring massive inputsf waste Jarge quantities ofvastehaveto be transportethat utilize
fossil driven transport modeshus a biomassenergy plant is restricted to urban applications. These energy plants can
be implemented in the urban environment but have to be situmteh-household areas thus industry like areas to
minimize health risks (emissionSiegel et al., 2010)

Geothermal energy

I s essentially heat trapped deep i nsniredesvoircansitilgdfhotcr ust
waterwell above 65 degree Celsiwbhereit condensates to stegickson and Fanelli, 2006Profitable gothermal

systems can be found in regions with a slightly above average ngeothkermal gradient, consequently very specific
regions have potential to useghimitless energy sourd®ickson and Fanelli, 2006)

Advantages geot her mal energy and the operation to extract h
environmentdy friendly process. The reservoirs are naturally depleted thereby one can imdigiiteesssource of
energy.

Disadvantagesgeothermal energis an energy source not suitable for every country dug stvong variety of
geothermal activy. Geothermal reservoirs can be depleted by extraction of steam. In addition to this, the reservoirs
have to be managed properly to prevent depletion so to maintain operation throughout thRapehpletion of

the source can cause earthquakes amer geismic activities.
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2.4.1. Renewablareapotential
The advantages and disadvantages of renewable sources is essentially a mix of various renewable \pbtantials.
defines renewable area poterighccording to(Hoogwijk & Graus, P08 the type of potential is defined and
distinguished in five types. 1) Theoretical potential; this is the highest level of potential a source can develop to. This
type of potential takes into account restrictiavith regard to climatic and natural tacs. 2) Geographical potential;
the geographical restrictions such as landradece the theoretical potential. Thus the geographical potential is the
theoretical potential limited by natural resources at geographical locations. 3) Technical patehtiaat limitations
as conversions rates, efficiency affect the technical potential. 4) Economic potential: whether the product/technology
is costly and competitive. 5) Market potential: implies the market penetration while taking into account possible
variables as energy demand, competing technologies, costs and subsidies arfdootbarriers(essentially the
transition itself)

This study focuses amspects igeographicaltechnical ananarket potentiathereby excludingheoretical economic
potertial. Because of time constrains the study will not go into firllyestigateall aspectof the above mentioned
potentials.Geographical, technical and market potential are included because aspects in these potential sorts are
necessary to measure tiagree of circular metabolism.

Firsty, geographical potential isnportantbecause it takes into account the land use, land cover and related
limitations which make up the urban environmétachcity/municipalityhasuniquelimitations in terms of availale
areafor renewable applicatioria the urban environmentSecontly, the studyaims to understanthe total amount
of energy that may be gem¢ed in the urban environments as well as their future potential. ThhdIgtudy includes
aspect ofmarket potential such as thedemand for energy, other competing renewable technologies and the
effectiveness of implemented polici€3n the basis of these arguments an indicator Renewable Area Potential is
presented,;

Renewable area potential Unit: m2/inhabitant

This indicator will measure theoreticalamount ofavailablearea forthe deploymenbf renewable energy sources
and will be expressed square meter per inhabitant.

2.4.2. Transmissiondistributionand storage

In a circular electricalmergy metabolism the prime importancetis transmission and distributiasf the oroducb ,
in this case electrical energia itsinfrastructureReliability of the grid is crucial when dealing with complex systems
as the gridRosasCasals and Corominddurtra, 2009)due to its shear dynamical effects that may cause blackouts,
economic and human lossé4CTE, 2016) The transition from conventional to renewable sources and thus the
increasing deployment of renewables may have negative consequencestfaditionalinfrastructure networland
requires new strategies for the operation and managemeortdier to maintain quality of energy suppBecause the
increasing deploymemf renewables leads to volatile electricity outpuhich in turn can cause the aforementioned
dynamical effectsTo address this issue accordinglyasge amount of spinning serve is required to maintain the
reliability of the grid(Yan, 2015. Spi nning reserve is defined by Wood and
capacity, minus the,|l desesdeandntdhé hlhoadasbythle unl oaded
to respond i mmedi ately t o ser v Solutiontd yolatdemgri iie availbhility | v av ai
of spinning reservepractical spinning resee solutionis the battery storagélowever, large scale development of
storage is still underdeveloped, and thus, while humanity deploys increasing amount of rengveatiesl spinning
reserve cannoadddresslarge scalepeakloadat this point in time Other apgtations of spinning reserve is the
traditional coal and gafired plants that are modified to able to kickin within minutes to balance out the grid. Without
spinning reserve, the grid is exposed to failure affecting reliability and thus the securégtdtal energy supply.

In the regard of reliability,the gridcan beassessed s 6 r oo dfurs &(Busds@asals and Corominas
Murtra, 2009) Security supply is defined a8t he pr obabi | iig available awhen demanded byi ci t y
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Cc 0 n s u (Danists Bnergy Agency, 2015, p3yhe security and consistency of the flows in relation to the
technologies and wetleveloped infrastructure to support this, the transition was able to set ditintim society. As

a result we suggest the following indicator to measure the security of electricity supply by considering the amount of
mins/interruption of the gridTime of interruptionis an indicatoused to measungartially robustness of the grid.
Therefore we suggest the following indicator to measure the performance of the grid networks on macro level.

Security electricity supply Unit: min of interruption

To conclude, every renewable energy sourcehigidy heterogeneous resoercharacterizesegardingefficiency,
(spatial)applicability and future potential. For urban environments photovoltaic energy appears to be the most
interesting source to implement due to its applicability in the urban environment itself as well as#ipplioa
buildings. Howevertheir energy generation capacity is small. Accordin@Ragwitz et al., 2012the top 3 largest
potential source by 2030 in tf#J-15 is wind energy (40%) directly followed by photovoltaics (17%) and biomass
(15%). However, wind anbioenergyarespatially limited in the urbanneironments.

Though bioenergy cahe fueledby either directly consumed biodegradable waste or MHW Jatter is an
important difference for reasons mentioned in the bioenergy paragraph. One may argue that the degree of renewable
energy implementation in neurban areas is more developed compared to urban areas simply because of (spatial,
social, e.g.) resictions. But on the contrary, data suggest that various cities already have gone 100% resrevable
arethus actually the frontrunners of renewable energy implementation instead of the hirdsréamentity.

Therefore the study focuses on; photovolemergy, wind energy, bioenergy and geothermal energy and aspects
of geographical, technical and market potential. The emphasize in the urban environment will mostly consider solar
and wind energy because the applicability Bio- and geothermal enerdy less applicable in urban environments
and therefore restricted for future purposes.
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2.5. Built environment

As explained in the introductionoughly three sectors can be distinguished that are responsildenfsumption
of energy: industry, transpoand the built environmerfOpstelten et al., 2013l sectors are equally importat
to improve in order to transition to a near full circubarergymetabolism The built environment anchore in
particular,existing built environment offers great opportuniti€eels, 2005) This chapter describes the ener
applications in the built environment.

Existing buildings account for approximately 40% of the total primary energy consumption wor{thME®, 2016)
and about 24% of CO2 emissions in developed courftéds 2016) although the UN debates that buildings account
for 33% of CO2 emission®JNEP, 2016) Though in any sense, we can safely assume that existing buildings account
for at least 1/3th ofvorld'senergy consumption, and about™.ia the developed world in vith fossil fuels account
for a large proportion of energy consum@adhe buildingsector is one of the largest consumers of energy in the
European Union, consuming over 29% of final energy consumgEaropean Environment Agency, 2018he
forecastexiststhat by 2050 at least half of the builgmthat will be in use have already been built in the EU. While
the scientific community has now recognized that energy use in builditegesto a reduction of total fossil energy
consumption with associated GHG emissif®iseila et al., 2005

Improving existing building energy consumption consist of two synergistic approaches: (I) reduce energy
consumption through the implementation of energy efficiersgvifigs) measures and (ll) to compensate the
remaining building energy demand through the use of renewable energy s{i§i&m2016)also put forward by
(Girardet, 199%to improve circular energy metabolism.
Energy efficiency measures prompted growing interest amongst policy makers, consumers, sg@mistiublic
and the technical eomunity in addressing and investigating approach (1) extensively. Energy efficiency measures
such as decreasing building operational cost over a longer period dfasieen incorporated as early as 1860s
Approach (I) was applied before approach) fiecause the investment and energy saving that can be reached is
significant and is approximately half of the cost compared to installing renewable @ifgkginternational Energy
Agency , 2016)

Approach (1) has been ingmorated in thesociotechnicalenvironment for only a couple of decades. This is
mainly due to the ksynchronous development of both measuteshe larger audience, renewable technology simply
was not economically viable until tirearly 2000s The suplementary effects and progression of measure (Il) in a
sociotechnical urban environment have yet to be fully understood. Currently, renewable technologies account for
al most 7% of t he wo(EAdniematibnal Eretgy Ageneyr, 2Di6jeckt ehuga improvements
to reduce fossil energy demand by incorporating renewable energy resource flow can be made. Therefore we stress
the importance to gain a better understanding of how to activate, and the aspectd inviobreasing a more circular
energy metabolism by the application of renewable energy in the built environment in the residential household sector.
On the basis of the section above, an indicator is suggest to measure the electricity household eprisumpti
municipalities.

Electricity household consumption Unit: kWh/household

This indicator is also utilized b{international Atomic Energy Agency, 200%) measure efficiency levels for
households, usually overperiod of time.

Moreover, the it has been debated that an increase in renewables affect the electridffyataiffet al.,
2011) The tariff is consequently related to the amount of electrical energy consumed and is therefore an important
indicator of the status of a electricity grid and tboasumption of its energy metabolism.

The electricity tariff is the pricing structure charged by the provider. The tariff in an important aspect of the
socialaccessibility of electrical energy for households. High tariffs ensures less economidoditgethsit may bare
the consequence of decreasing consumption because of affordability of the product. Low tariffs accommodates a high
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economic accessibility to electrical energy as a product, in other words, quantity of demand for energy decreases with
increases in tariffGaren et al., 2011)Additionally, the Municipality of Amsterdam gave rise to a new term related

to the expenses of energy: 0 En er g y-incBneevheusehoyd$ speniitharec h  d e n
than 10% of their net income on energy biNsunicipality of Amsterdam, 2015)The bill includes gas and or other

energy commodities of which electrical energy makes up approximately 40/50% of {@BI§i||2016.) Measuring

the tariffs will be an indicator for this research and will be done so on national (macro) level.

Electricity tariff households Unit: G / k Wh

The referenced indicator is interpreted from the perspective of households and thus consumers interests. Although
taxes upon the electricity tariff has been rising steadily, the raw electricity tariff that electricity businesses jgrofit on
declining. It has been debated that a deficit in electricity tariff poses dangers to the conventional electricity operators
and would therefor require a higher electricity tariff. However, from a consumer perspective a high electricity tariff
affects electriciticonsumption negatively.

Furthermore, the vast majority of scientific literature on electrical energy tariff shows many different views that
it would be inherently difficult to investigate an optimum for electrical energy tariffs. Because we study socio
technical transition, and thus reasoning from a social and technical perspective, the researcher assumes that a lower
tariff is more optimal for consumers and thus the process of transition because it allows for a better accessibility in
renewables. If théariff were to become increasingly high and the lower brackets of society, which makes up the
largest proportion of EU member states, would minimize demand (decrease revenue for renewable technologies).

2.6. Conclusions

Electrical energy in urban systemslig tcore area of interest whichdefineda sthe dsable powethatis derived
from any form oprimary or secondarysource which mape usedn physical system® work andmove' This is
investigatedoy specifying conventionalenewable (RES) sources wid energy, photovoltaic energy, geothermal
energy and bioenergy and rmmewable sources that deliver the usable power in an urban system.

The concept of urban metabolism is utilized so to understanding complexity imditie#sgard tdhe energy
flow, understanding this flow supports sustainable city plan{®pgler and Agudelé/era, 2011) Whereas a linear
metabolisms characterizely the input of various resources occurs without activating the function of nerseé
a circular metabolism isharacterizedy the latter; reuse/recycle or in thaseof an energy metabolism generate
energy by using natural resousc&@hus an urban energy transition implies transitioning from a linear to circular urban
energy metabolism therelggneratinggnergyo | ocal | yé f r o m maasitientowald a cireutaioenergg e s. Th
metabolism entails a full systetnansitionof anexisting system or regime thigtstabilizecthrough patkdependence
and lockins, a full transition is thus difficult to effectuate.

The researckmphasizes varioununicipalitiesthat for the most part isivestigated athe mesolevel This
level is, focusedon optimizing rather than transforming systems by for instance actors that operate utilities, the
Ministry of Environmental Affairs or the local Municipal government and households as a collectivg @atty,

2005) Although research will sporadically shift to the mataeel for obtaining data which is not alaile at
mesolevel.

In a Municipality the sectors industry, transport and the built environment (households) are responsible for
the consumptionof energy. Thessectorsare equally important to improv® transition towards a more circular
metabolism inwhich the built environment offergreatopportunities for optimization. Therefore the focus within
municipalities is the built environment and more particuladyseholds

The need for a rigorous method to measure the degeeeafy transitiolis inherentlycritical to delivering
guidance foroptimization of existing urban systems and to accelahagtenergy transition. By comparing different
European municipalities the research endeavors toayaitterunderstanding as to what extent the referaritye
Amsterdam meets the objective of transitioning towards a circular energy metabolism by 2040. Additionally,
observing which factors contribute to a successful sustainable drsamgifionand the differences between European
municipalities should lehto a moreonclusiveelements for successful sustainable energy transition.
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Method to measure the degree of enetgnsition originates from threecore domains(technology,
infrastructureand function) and one overarching dom@agime). Developmerand optimization oéll core domains
are necessary for full system transition. Therefore the mettmtbistsof thesecore domainssupportedby the
identifiedindicators.

Tablel Examples of functions, infrastructures, technologied regimes

Technology Function Infrastructure Regime

Photovoltaid windi hydro Power supply Electricity grid Electricity sector

WIFI Wireless internet Ethernet Internet sector
Combustion engine Car transport Roads Public transport sector

The exanple as seerin Table 1 Examples of functions, infrastructures, technologiesl regimes emerging
technologies ofvind and photovoltaic electricity generation enabled us to generate clean electricity. Funtitien in

matter is providing the necessary electrical power to meet the increasing (worldwide) electricity demand. The
infrastructure permita seeminglysmoothdistribution of the product because of the existing grid in plElee second

example, technologynabled mobile phones to work wirelessly, connecting people all over the Whigdalignment
wasmade possible by an ever increasing infrastructure network. WIFI is one of the technitlageEsabledis to

transfer data wirelessly (Ethernet). Due tchtemlogicaladvancement, wireless local area network was established.

The infrastructure, or in this example Ethernet, needed to expand because of an increasing technology rollout and thus
increasing use of the function.
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BarackObamai formerpresident of the United States
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3. Methodology

This chaper emphasizes the applied research methods, the chosen study design and data collection follov
selection of cases and related indicators. The latter is also part of data topics to be collected and analyzed.
t he ®RvQatedatentwill the city of Amsterdam meet the objective of transitioning towards circular er
met abolism by 2040?08 are madevitheagardotd thesaseatchadedige, datahcalléc
and procedures.

3.1. Research design

The research GRQ questimmmainlyf ocused on answér i Agc @ h dYinm PIShaasdl y n
study is preferred to answthis kind of questions. Moreover, other conditions that point into the direction of using a
case study are: (a) not able to maniputate behavior of those involved in the study, and (b) to cover contextual
condition because they are relevant to the phenomenon under study or (c) boundaries are not clear between
phenomenon and conte@tin, 1993) With regard to (a) we wilhot study human beings or animals, but an urban
environment andcomplex)sociotechnical systems (b).

Yin identifies some specific types of case studies: exploratory, explanatory, descriptive, instrumental,
collective, multiple and intrinsic castudies. Descriptive multiplecasestudyis selectedor two main reasons. Frist,
the goal set by the researcher is to describe the data as theyMcbongugh, 1997).Describing the factors that
contribute to an energy transition and describingctitaparaive case studySecond, to develop an understanding of
how transitions come about and why do transitions besuoeessful in a bounded system.

Because the context of the study is part of the design there will always be too many variabkes,to
therefore the application of standardized experimental design or surveys to derive results are not appfiopriate
1993) However, although issues of validity and generalizability will still have to be addressed p(¥jrer003)

3.1.1. Multiple casestudydesign
Case studiesffer a flexible solution to collect quantitative and qualitative data. Quantitative such as statistics and
figures, qualitative as in observationstes,and website$ both are generated in trstudy. A multiple case study
preferredover single casstudy; thisoffers robust analytical conclusions whiokreasegxternal validity(Yin, 1993)

Yin also emphasizes that results niystrengthenebly using multiple case studies thbyincreasinghe robustness
of the findings. Two approaches &stablishreplication logic are called literal arttieoreticalreplication. The
approaches cdpe usingo further strengthen the research degign, 2003)

Also, replication logic provides statistical validation becaus#tiple casestudies rely on more analytical values
instead of statistical values. The goal of a multiple case study is to replicate findings across casesarireslictg
results(Yin, 1993) In this researchwe will attempt to replicatdindings because the degree of urban energy
metabolism transition in all cities i factdinear. If we were to predicontrastingesults, this would implgircular
metabolism alreadyharacterizes in one of the cases

Although the research will predominantly consist of quantitative data, qualitative data will still be part of the
investigation To operationalize the collected quantitative and qualitative data separately a mixedapetioadh is
applied., this benefits both quantitative and qualitative aspects, enables triangi@agiswell J. , 2014)Denzin
(1978) discussed four types of triangulation: theory triangulation (using multiple theoretispégptives to interpret
results of the study), methodological triangulation (using multiple methatisdgthe research problem), investigator
triangulation (using multiple researchers) and data triangulation (using a variety of data sources).tldthis s
methodological triangulation was used because of the combination of QUMIin this study.
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3.2. Data collection and procedures
Keeping in mind that theata collecteds primarily quantitative (QUAN) ohaturewhereas the secondary data is
mostly quéitative. Figure 10 Mixed method approactisplaysa brief overviewthe research design tfe separate
mechanism of quantitative and qualitative dathirst, data is collected and identified as qualitative @ntjtative.
Because most data will be quantitative, qualitative data will support the quantitative data and essantsnixing
databoth data strains together to form a tangible dataset., dtd will have to be merged for comparative analysis.
Thenext section displays a morediepth understanding of the data collection and procedures.

Qualitative data collection Quantitative data collection
QUAN Qual

Mixing
qualitative data enhances
guantitative results

v

Merge results for comparison

Figure 10 Mixed method approach

According to(Creswell, 2014)four steps are dor@ncurrently to conduchisresearch desigistep onénvolves the
designof quantitative and qualitative straistate by identifying the majority of data as quantitative or qualitative
Step two comprises analyzing the strands separately. Step thrbe fdfiled by using strategies to merge results,
mergeof both datasets to compare/contrasting resBtesp four is to produce a better understanding of the obtained
results. It is here that both datasstssummarized, discussed, merged and intequeectly.Individualquantitative
indicatorsare compiled from the theoretical framework ameticulously classified in cageries/domains.

3.2.1. Indicators
The information in this section is intended to put forwasdtaf indicators to measure the circutsuof the (electrical)
energy metabolism in the urban environments by using and referencing to existing indicatorsnly utilizedin
measuring conceptsenergy efficiency, energy performance, urban metabolism and sustainable urban development.
In itsinfancy of theresearchit became clear that no comprehensive list of indicat@sfoundfor the measurement
of electrical energy metabolism nor the degree of a transition in urban systems. ConsequenthAppenidix 8
Dependencys complementedby indicators from literature.

As mentioned in paragraph3.6transition processes can be explored and described in various Weays.
provide an overall comparison of thases; theollected informatioris clusteredn coredimensions; (1) technology
used (2) function it serves (3) infrastructure that is needed (4) regime that has to mébagle, if013)and(Geels,
2005) Thesecore dimensionare complementelly indicators derived froditeratureand institutionsindicators from
this table will be used and made suitableqoantifiedresearch application as shown in the table below.

Additionally, the level of which the information per indicator will be derived ranges betwesoand
macro.Informationfor severalindicators is not availablat the desirednesolevel Data etrievedfrom macrelevel
sourcegposesa limitation

Table2 level of measuremeintindicators for the degree of renewable energy implementation

Level of measuremer'ﬂtlndicators for the degree of renewable energy implementation

(No | Dimensonwith related indicator [ Level | Unitean |
K1 Technology ‘ Micro/Meso/Macro  Analysis
K1.1 Share renewable sources Meso %
K1.2 Future share renewable sources (2040 or 2050) Meso %
K2 Function |
K2.1 Electricity tariff households Macro a/ k Wh
K2.2 Electricity consumption inhabitant Meso kW/inhabitant
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K2.3 Electricity consumptiomousehold Meso kW/household
Renewable area potential (RAP) Meso mZ2/inhabitant
Infrastructure |
Securityelectricity supply Macro Mins/interruption
Dependency electricity (sedufficiency) Macro % in-export
Regime |
Renewable energy investmenisxpenditures Macro % of GDP

K4.2 Level of ambition renewableelectricalenergy policies Macro # active policies

3.2.2. Multi Criteria Approach- BOSDSA
Once the right information withegard to indicators is gathered, qualitative data (qual) has been quantified (QUAN)
and content analysis @ompleted merging data is the next stéip merge data the researcher applied the computer
program BOSDA, a Dutch acronym for (Beslissigdersteunend Systeem voor Discrete Alternatiever)arigion
Support System for Discrete t&fnatives) In this program dMulti Criteria Approach (MCA)s applied

MCA holds two important characteristichgtfirstcharacteristic involves different evaluation critgfirzdicators)in
di fferent weights. Criteriads may v adiffererdas skendindhetaldes pondi n
A second characteristaccouns tothe fact that a criteria may be weighted mooenpared to other criteria. A more
important criteria should, obviously, have a more important and weighted impact in the overall result.

Therefore MCA isuseful for this sidy becaus it supports the analysis désigninvolving quantitative and
gualitative dataFurthermore, in a MCA datean be merged by intermediate values ématblefurther analysignd
derive robust standardized weighted results to process monetdryncggmonetary data (Kumar, 2011)and
(Hellendoorn, 2001) Normonet ary si mply means fino casho |ike value,
qualitative mannersAdditionally, MCA is helpful in the aiding of specific information and giving an overview of
information by providing systematic tables with scores, which can eveadily understood.

I n the realm of MCAG6s a c oprgcése dataThis resealagpliesthe eveightedb e  ap p |
summation method because quantitative data can be easily used for comparison and deriveoesalts;, this

method is on¢he manageablend orderly methods to carry out andts the data that is forested, easy to explain and
transparent{Hellendoorn, 200}l The mathematical underpinning of the weighted summation for each adaptation

option is calculated by multiplying scores according to tiveiight followed by summation of weighted scores of all

criteria.

v
score(a ;) = Z w;(s;)
i=1

In this equationscore(aj) resembles the total score for each alternabiveesembles the number of critenigi,is the
weight of the criteriorti andsij denotes the score for altetiva aj with respect to criterioni (Hellendoorn, 2001)

A couple of stepapply to the method dflCA andweighted summations which will be extensively elaborated in the
next section.

Steps that apply to the methof MCA weighted summation@iellendoorn, 2001)

Formulate alternativegnd criteria
Standardization of the scores.
Determineweight per indicator

Multiply weights with standardized scores
Calculate total scerper alternative
Determinethe position for each alternative

o0k~ wNPE

Formulate alternatives.
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First the alternatives (cases) will have to be determined. Besides the reference case Amsterdam two other cases had
to be selectetbr which a brief procedure was designed

The procedure goes as followstoal of eightmunicipalitieswereselected for possibia-depthcase study.

The eight selected citie@mprise Paris, Riga, Helsinki, Stockholm, Oslo, Hamburg, London and Copenhagen. These
have all have equally intesting ambitious renewable energy policies for renewable energy generation and have
implemented renewable technologies that contribute to the total energy mix demand. This was further dilated to a
wide range of comparable criteria in order to select &st tomparable cases.

The following criteria are presentgd) population: this includes the total population number and population
density (2) GDP, gross domestic product per capita and investment compared to GDP in renewable technologies
(RETSs). (3) Rnewable resource potential, this includesntiagority of climate characteristics as defined (Bpttek
et al., 2006kuch as average yearly temperature, average yearly sun exposure, irradiation per aVénage yearly
wind speed, climate typology, precipitation, ribsed oseabased cities. (ANumberof active renewable energy
policies. (7) The cities are situated in countries member the European Union (EU) thereby stafedtedjulations.

(6) Data availability and consistency. Consequently the five most compar#&sderate revised and closely analyzed.

Based on these criteria Amsterdam, Copenhagen and Hamburg were selected to be included in the case study.
Amsterdam is the baseline city. Copenhagen is chosen for its excellent comparability amongst all criteitig inclu
the amount of implemented renewable sources, its ambitious targets (carbon neutral byl2025 renewable
energy by 2050) and because Copenhagen is becoming a testbed for green solutions. Hamburg is chosen for similar
reasons, Hamburg has relatiyéhe most implemented renewable energy capacity of all selected cases, although the
population amount deviates quite strongly with our reference case Amsterdam. The othde\daseglite strongly
from the main criterid or in caseof the city of Stokholm, which has excellent renewable policies and implemented
energy sources had insufficient data available atrtheicipalitylevel. Moreover, after a brief analysis it appeared
Stockholm imported over 85% of its energy from the hinterigegerated bjydro. Altogetherthe similarities and
differences between Amsterdam, Copenhagen and Hamburg allow for interesting comparison and analysis.

Standardization score per criteria.

Now that the alternatives are crystalized, standardization score per cateba stipulated. Sinteh e cr i t)er i abd s
are measured inherently differenb comparable results can be derived at face value. Therefore the units will have to

be made comparable; standardization. Standardization is essential to form equad Vezigfstich unit. After
standardization the new value of an indicator ranges bet@veed 1. Value0 is theleast optimatesult andvalue 1

is the most optimalesult. Standardized scores may display a certain value or utility but must use specifiorvalua

or utility functions. A score of 0.56 does not ipjit is slightly above averaget mears, given the alternativeand

criteria, it is rated at the middle of the optimal situatidio execute standardization, minimum and maximum range

will have to beset. Minimum and maximum range is unique for each indicator and determined on the basis of
minimum expected/active value vs maximum expected/active value.

Table3 Indicators minimum maximum rangand weighted summation

Level of measuremerit Indicators for the degree of renewable energy implementation

Dimension with related indicator Unit (year) Minimum | Maximum Weight
range range
K1.1 Share renewable sources 0.200
K1. 2 Future share remeble sources (2040 or 2050) 0.100
K2.1 Electricity tariff households a/ k Wh 0.09 0.50 0.050
K2.2 Electricity consumption inhabitant kW/inhabitant 2000 15000 0.100
K2.3 Electricity consumptiomousehold kW/household 1200 3200 0.100
K2.5 Renewable area potential (RAP) m2/inhabitant 0 100 0.100

K3.1 Security electricity supply Mins/interruption | 0 600 0.050
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K3.2 Dependency electricity (sedufficiency) % in-export -25 25 0.050

K4 ~ Regime
K4.1 Rerewable energy investmentexpenditures % of GDP 0 3 0.150
K4.2 Level of ambition renewableelectricalenergy policies | # active policies | 0 11 0.100

A K1.1. Share renewable sources; minimum 0, maximum @d¥ent optimal situation with regard to future
targets and human activities to maintain a maximum of 2C degrees this century).

A K1.2. Future share renewable sources; minimum 0, maximum {06%6 st opti mal situation &
circular metaboli smd).

A K2.1. Electricitytariff households; minimum tdfiin the EUG0.09kWh in Bulgaria(optimal situation in
perspective of households)aximumand least optimal situation is a tariff @fG0/kWh

A K2.2. Electricity consumption inhabitant; minimum electricity consumption in the EU is approximately 2000
kWh/inhabitant (ptimal situation), maximum consumption 15000 kWh/inhabitant

A K2.3. Electricity household consumption; minimum household consumption in the EU is 1200
kWh/household/per person (optimal situation), maximum is 3200 kWh/household/per (@pthonm
determineddy (Nielsen, 2009)

A K2.4. Spatial energy potential; minimum is 0m2/inhabitant, maximum is 1200m2+/inhabitant (optimal
situation)

A K3.1. Security electricity supply; minimumins of interruption is 0 (optimal situation), maximum is 600

(Romania, Latvia] CEER, 2015)

K3.2. Dependency electricitypinimum-25% (optimal situation), mximum 2946

K4.1. Renewable energy investments (R&Djnimum 0%, maximum % of GDP

K4.2. Level of ambition, renewable energy policies; minimum 0 active policies, maxirhactive

renewableelectrical energy policies in théeetricity sector Spaifinternational Energy Agency, 2016a)

> > >

Determine weight per indicator

Once standardation process is completed and scores are comparable, the next step is to weight the criteria. Purpose
of weighting is that indicators have different weggtgo to indicate the importance of one indicatompared to other
indicators. The allocation ofiging weight valus of 0.05- 0.1- 0.15- 0.2is not an exact science and is often purely
determinedfrom an objective perspectivgHellendoorn, 2001)Here the most weighted indicator is share of
renewable souraebecause this indicatoeflects the currenstate of affairs of municipalities with regard to its
renewable energy appéiion and transformation statu3his indicator also directly reflects the amount of
conventional sources. Obviously, municipalitiggh a greater amount of applied renewables is more transitioned,
therefore this indicator has the highest weight allocated.

Multiply weights with standardized scores

A function in BOSDA allows for the standardized scores to be multiplied by the candisgaveights and added
together. The purpose to multiple weights is to derive a resulting total score for each alternative which can be ranked
against other alternativespto obtain a picture of the optimal situation in comparison to other alternatives.

Calculate total score per alternative (casejletermine the position for each alternative

The extent to which criteria are weighted in the end result is determined in the final score of each alternaigve. This
visualizedin the next chaptdyy usinggraphs for each alternatiaed will be positioned according to the most optimal
alternative.

3.3. Validity andreliability
Choices made in this researamd method$iaveinfluenceon validity and reliability. This section addresses the
aspects thaaffectboth.
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When resultaire derivedrom BOSDA, a sensitivity analysis is carried out. The purpose of a sensitivity analysis is to
determine whether and which information dissolved throughout the process of applying weights and standardize
results so to determé the robustness of the acquired resuisnsitivity analysiplays a crucial role in assessing the
robustness of theesultsor conclusions based on primary analysesiath. AlthoughBOSDA is regardedas an
excellent tool for multicriteria analysis the past, new versions BIOSDA showed several bugs and glitches that
hindereda full sensitivity analysisThe bug/glitch prevented an automatic sensitivity analy$isrefore ananual
sensitivity analysis was carried atcording taa well elaborateOSDA report from(Reinshagen, 2007)

Manual sensitivity analysis is carried out by repeating stepsgqoiredifferent deviations as seen in the figuelow.
Relevant informatiorsubjectedo the sensitivity analysisonsiss of the arrangemenbetween municipalities by the
assigned values. Timghargesshould occur by changing the weighting system thereby testing the robustness of the
arrangement However, the arrangement of municipalities (number 1,2 and 3) should be similar regarchessgf
weights Figure11 displaysthe weightsandsum of thescores for each sensitivity deviatichmore readable djure

is shown inError! Reference source not found.

Figure 11 Sensitivity analysis weighted summation

From the comparison in the figure shown above pireentagef changds calculatd asshown in The Reinshagen
2007 report does not imply there is an optimal or acceptable deviktast.acceptableeviationsrange between 0

and 20%. Surely, the smaller tHeviation the moreacceptablaesuts. Here the most notablchanges are deed

from Sensitivity 1 (S1 Copenhagen) 2Bnd(S4 Hamburg) 10.19% deviation.This noticeable deviation is due to
the change weight from indicator K1.t.K2.1. and vice versa. Heng&, Copenhagen scored less because the weight
was allocated to the inghtor K2.1. Similar underlying reason apply for the 10.16% deviation in Hamburg S4. Yet,
despite the deviations the arrangement equal tortgmal score and sensitivity analysis shows acceptable deviations.
Thus we can say with high degree of certatht the results are robust.

Table4 Scores and change % weighted summation

Case and original score S1

Copenhagen 0.76

Hamburg 0.59
Amsterdam 0.57

3.3.1. Validity
The research design and related choices madeamewgacton boththe external validity.Internal validity can be
affected when applying explanatory or exploratory case studies arektivet to which data collection method
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