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Summary

To reach its (inter)national climate objectives, the Dutch government has been incentivizing
investment in renewable energy production. This energy policy has been particularly effective
in rural areas where the land resource is abundant. As a result, large renewable plants are being
installed in distribution grids that were traditionally laid out to feed dispersed loads and inte-
grate little or no generation capacity. In such weak grids, the increased production of renewable
power may elevate voltage levels and violate capacity limits. As a result, it becomes increas-
ingly difficult to install new generation capacity in distribution grids. In the Netherlands, this
problem is becoming particularly pronounced in the Northern provinces of Groningen, Drenthe
and Friesland. This hinders further uptake of renewable energy technologies in these areas.

Traditionally, Distribution Network Operators (DNOs) such as Alliander would tackle this
challenge by reinforcing their distribution systems, for instance by installing new cables or
transformers. However, grid reinforcements typically come at high costs that trickle down to
end-consumer energy bills, and may have extensive realisation times. As an alternative to grid
reinforcement, DNOs could consider investing in Smart Energy System (SES), which have been
conceptualized in the literature as holistic energy system solutions that integrate multiple en-
ergy sectors by combining a diversity of energy generation, storage and conversion technologies
into a single system. SES could be an interesting avenue for energy system renovation because,
by transforming electricity to other types of energy carriers at peak times, distribution grids
could be decongested. This thesis aims to demonstrate whether the adoption of such a SES
approach can help decongest weak rural grids as an alternative to grid reinforcement. Addi-
tionally, this thesis aims to demonstrate a decision support tool that can help experts and local
stakeholders co-design (smart) energy systems that are specifically tailored to local conditions,
interests and needs. Both aims are satisfied by gathering empirical evidence on a specific case
study in the Netherlands.

Central to the study is the development of several first-order energy system designs for KOL13,
a Medium Voltage (MV) electricity cable feeding a variety of residential and agricultural loads
in the Province of Friesland. The MV cable is part of a grid space that is already congested
due to the recent installation of roughly 20MW of renewable power. Many farmers in the
area want to invest in renewables in order to diversify their farms’ operation. However, it is
currently impossible for them to feed in renewable production because the voltage levels in the
area exceed statutory limits. Therefore, if the farmers are to start producing renewable energy,
a new energy system configuration must be found for KOL13. This grid redesign is also in
the interest of local government, because it could contribute significantly to reaching climate
goals in their jurisdiction. Therefore, a third (practical) goal of the study is to find an energy
system design for the stakeholders of KOL13 that allows the integration of on-farm renewable
energy production. As such, in this study, several energy system designs are developed. To
test the effect of SES-thinking on distribution systems, some of these energy system designs
will be smart energy systems. However, because current literature on the topic is inexplicit
about the definition of SES and its translation to practical settings, the thesis opens with
the formulation of an operational definition of SES. SES is understood as an energy system
integrating at least two energy sectors, thereby generating, converting, transporting and/or
storing more than one energy modality (electricity, heat, biogas, hydrogen, etc.). Furthermore,
a SES should consist of multiple technologies that are coordinated in concert to bring about
location-specific objectives. The ‘smartness’ of the system is required to control and operate
these energy technologies is assumed to be available, and is not further specified.

In this study, participatory Multi Criteria Decision Analysis (MCDA) is used to support
decision-making towards an energy system for KOL13. MCDA is a commonly used method
of technology appraisal that assists decision-makers in seeking trade-offs between technological
alternatives on the basis of technical, economic, social and environmental criteria. MCDA
allows the integration of multiple sources of (local) knowledge, which accommodates bottom-
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up decision making. The MCDA is participatory, which means that decision-making is based
on input of local stakeholders and experts. The first-order energy system designs for KOL13
are developed on the basis of stakeholder interviews, consultations and workshops. These
first-order energy system designs are subsequently assessed along the axes of several decision
criteria so that a choice can be made about which design fits local interests best. To adequately
assess the energy system designs for KOL13, a clear understanding about the electrotechnical
impacts of the designs is required. Therefore, a model-based approach based on Power Flow
Analysis (PFA) is employed to analyze the node voltages and power flows in the distribution
network. The outcomes of the PFA can be used to analyze whether SES design can decongest
weak distribution grids.

The MCDA-PFA hybrid that is employed in the study consists of eight procedural steps. First,
the decision-making context surrounding the KOL13 case study is demarcated by means of a
stakeholder analysis and an investigation in current institutional and technical infrastructures.
In the second step, five first-order energy system designs are developed for KOL13 on the basis
of stakeholder interviews, consultations and workshops. Two of these energy system designs
integrate more than one energy sector to increase renewable production in the area, and can
thus be considered smart energy systems according to the developed operational definition.
The other three energy systems remain tied exclusively to the electricity sector and are thus
not SES. In the third step, thirteen technical, environmental, economic and social criteria are
identified for the assessment of these energy system designs. Stakeholder input is used to select
and operationalize these criteria.

In the fourth step of the MCDA, the electrotechnical impact of the five energy system designs
is quantified by means of a PFA. For each of the system designs, the PFA informs the extent
to which the distribution system needs to be reinforced to allow the integration of renewable
production on KOL13. It is found that each of the five energy system designs can bring voltage
and capacity levels on KOL13 within statutory limits, i.e. that SES-thinking can indeed be used
to decongest weak distribution grids. However, some form of grid reinforcement is required for
four out of five grid designs designs, suggesting that adopting a SES approach is not a holy grail
solution to optimize system performance. As a result, it is unlikely that SES can be realized
without the simultaneous expansion of existing weak grids. The PFA also demonstrates the
usefulness of adopting a Q(U) scheme, a DNO-operated scheme that regulates reactive power
levels in a network. Further, the PFA reveals the importance of grid support or voltage control
technologies in weak distribution grids to continuously depress voltage levels.

In the fifth step of the MCDA, the energy system designs are evaluated on the thirteen de-
cision criteria. The criteria scores per energy system design are combined with stakeholder-
determined weighting factors to determine overall option scores. These scores are used to
determine which of the five designs is best suited for application on KOL13. The robustness
of the outcomes are tested by means of sensitivity testing.

The outcomes of the MCDA suggest that the best-scoring option for KOL13 is an energy
system design that integrates the electricity and thermal sectors. This option, titled Thermal
Conversion, converts excess electricity from solar PV to low-temperature heat by means of
two heat pumps. The heat can be stored in an aquifer or be circulated through a heat grid
in winter. Although the involved stakeholders have differing views on energy system design,
this thesis demonstrates how consensus can be reached: all stakeholders prefer the Thermal
Conversion option over the other four options.

This thesis concludes that smart energy system design can be used to mitigate overvoltage
problems in distribution grids, and that they may be able to do so with the advantages of
increased renewable production and improved climate performance compared to single-sector
(electrical) energy systems. However, the realisation of such multi-sector approaches does
require the use of energy generation, conversion and storage technologies as voltage control
technologies. Further, this thesis concludes that the breadth of the smart energy system
concept necessitates an operational definition that can translate SES-thinking to practical
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system design. This thesis has demonstrated a sequential decision-making process that relies
heavily on stakeholder input. It is shown that the MCDA adequately represents and aggregates
different stakeholder attitudes until consensus about energy system design is reached. However,
one must be careful in generalizing the findings from the MCDA to other MV cables: the choice
of energy system design is highly context-dependent. Overall, however, this thesis is successful
in supplying empirical evidence of SES applicability in weak distribution grids.

In interpreting the results and conclusions, the study’s scope demarcations and analytical
assumptions should be considered. In the thesis, a stout assumption is made about the avail-
ablility of heat and gas infrastructures, and some crucial stakeholder perspectives cannot be
represented appropriately. Additionally, the construction of a base model for the PFA is com-
promised by data unavailability and software limitations. The impact of these uncertainties
and assumptions is partially tested using sensitivity analyses. The MCDA is shown to be quite
sensitive to changes in weighting factors. However, changes in the model assumptions do not
impact which of the five energy system designs scores best for KOL13. Overall, therefore, it
can be concluded with certainty that the Thermal Conversion option scores best for KOL13.

The recommendations for further research primarily focus on the development of a clear and
operational definition of the SES concept, so that empirical research efforts on the topic can
be guided more thoroughly. The definition given in this thesis can be used as a starting point.
It is argued that the smartness intrinsically embedded in the concept must be clarified, and
that the role of energy flexibility technologies should be made operational. Additionally, more
empirical cases of SES application should be studied to provide a more complete picture of its
potential benefits in decongesting distribution systems. Further, practical questions pertaining
to the distribution of costs and benefits of SES implementation should be addressed.

On the basis of the research, it is recommended that the stakeholders in the KOL13 case start
mapping opportunities for investments in thermal conversion technologies. A good first step
may be to actively start managing voltage levels on KOL13 by means of Q(U) schemes. The
application of such schemes might create enough space for (some of) the KOL13 farmers to start
producing renewable energy. Further, since the study demonstrates the merits of a MCDA ap-
proach to facilitate multi-stakeholder decision-making, local governments are advised to adopt
a similar approach to facilitate the production of large-scale energy strategies. MCDA would be
particularly well-tailored to the impending Regionale Energiestrategieën, which demand multi-
stakeholder approaches on large geographical scales. National and regional government is also
advised to open up energy laws so as to allow DNOs to use energy generation, conversion and
storage technologies as voltage support technologies. Although currently forbidden by compe-
tition laws, using energy technologies in this way could forego traditional grid reinforcements
whilst increasing the social, environmental and economic value of the system as a whole. Re-
visions of energy policies such as the Stimulering Duurzame Energieproductie (SDE+)-scheme
can furthermore help DNOs plan and strategize their asset investments. DNOs are advised to
seriously consider the application of Q(U) schemes to manage the level of reactive power in
their distribution networks. It is a low-cost and easy to implement first step to (smart) energy
system (re)design. Furthermore, it is recommended that high-resolution energy demand and
production data is acquired, so that more reliable PFA models can be made with which to
assess the impacts of smart energy systems.
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1 Introduction

In the last decades, worries about climate change, increasing demand for energy and geopolitical
dependencies on fossil resources have given rise to a common understanding among researchers
and policy makers that a sustainability transition in the energy system will be required to
maintain economic, social and environmental welfare (Bale, Varga, & Foxon, 2015; Bolwig et
al., 2019; Cherp, Vinichenko, Jewell, Burtschin, & Sovacool, 2018; Sovacool, 2016; Haas, 2019;
Turnheim et al., 2015; Connolly et al., 2013). Under the influence of widespread energy policy,
new loads and renewable sources are increasingly being integrated in the electricity system
(Halstead, Donker, Longa, & van der Zwaan, 2018; World Economic Forum, 2018; IRENA,
2019). This occurs in both a centralized and decentralized manner, impacting multiple levels
of an energy system that was previously operated in a centralized, radial fashion. These trends
impact how electricity grids must be operated, controlled and reinforced, particularly in the
low- and medium voltage regimes (Nederlandse Omroep Stichting, 2019b; Etxegarai, Eguia,
Torres, Iturregi, & Valverde, 2015)

In the Netherlands, a key policy spurring renewables integration is the SDE+ subsidy, which
was set up as a means to reach the objectives of the national-level Klimaatakkoord. SDE+
functions as an exploitation subsidy, compensating project developers for the costs of pro-
ducing renewable energy with a fixed fee per produced kWh (Rijksdienst voor Ondernemend
Nederland, 2019c, 2019a; Halstead et al., 2018; Rijksdienst voor Ondernemend Nederland,
2019b; Blom et al., 2016; Sociaal-Economische Raad, 2013; Hekkenberg & Koelemeijer, 2018;
Smit, 2018; Rijksoverheid, 2018). The SDE+ scheme has been predominantly popular in rural
areas - where the land resource for the installation of solar and wind technology is abundant
(Kloosterman, 2017; Beukema, 2018; Oldenbeuving & Timmer, 2018). As such, large renew-
able power plants are being installed in distribution grids that were traditionally laid out to
accommodate dispersed loads and little or no generation capacity. In such weak grids, increased
production of renewable power could push up local voltage levels and cause a violation of capac-
ity limits in cables and transformers (Singh, Ostergaard, & Jain, 2009; Bayindir, Colak, Fulli,
& Demirtas, 2016; Etxegarai et al., 2015). Problems of this nature have already started to arise
in the rural provinces of Groningen, Drenthe and Friesland, where the introduction of large
solar installations and wind turbines are congesting the distribution grids. Therefore, although
the SDE+ scheme has been successful in spurring private investment in renewable production
thus far, it may be at odds with the medium- and low voltage electricity infrastructure in the
Netherlands.

Traditionally, grid operators would tackle this challenge by reinforcing their distribution sys-
tems. However, three practical considerations constrain grid reinforcement in the current situ-
ation. First, there is a material scarcity for the production of new electrical assets (Stil, 2019).
Second, there is a lack of skilled labour capable of installing these new assets (L’Orèl Consul-
tancy & Enexis, 2019; Stil, 2019). Combined with lengthy siting and permitting procedures,
these scarcities have pushed up the expected realisation time of renewable projects, decreasing
the business case for project developers. Third, an increased demand for connections has ele-
vated the societal costs for grid reinforcement (L’Orèl Consultancy & Enexis, 2019). Overall,
therefore, a key problem facing the Dutch Distribution Network Operator (DNO) is the fact
that private investment in renewable capacity outpaces the rate at which new electricity assets
can be installed, and may come at higher costs than socially warranted (Grol, 2018; Voeten,
2019; van den Berg, 2019). As a result, DNOs are challenged in strategizing their investments,
and renewable capacity is installed much more slowly than may be required to reach climate
and energy goals.

The scarcity of assets and trained labour, as well as the high societal costs of grid reinforce-
ment, may make it an unattractive strategy to renew electricity grids on the long term. As
a result, other strategies may have to be exploited by the DNO. Several routes could be con-
sidered for this. In recent years, the literature on new technological paradigms such as smart
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grids, micro-grids and super-grids has been suggesting solutions in the realm of electricity
management. Balancing demand and supply of electricity could indeed free up capacity to
integrate renewables in distribution systems (Graditi, 2017; H. Lund, Andersen, Østergaard,
& Mathiesen, 2012; Fairley, 2006; Y. Wang et al., 2018; Aghajani & Ghadimi, 2018). How-
ever, it is questionable whether enough flexibility currently exists in the electricity system to
realize such balancing. Additionally, theorizing about renewable energy system design has
typically remained tied to strictly thinking about the energy transition in single-sector (elec-
tricity) terms. More recently, a new avenue of energy system innovation has opened up with
the emergence of the SES as a concept, which describes an integral, multi-sector approach to
the energy transition. In the literature, SES have been conceptualized as holistic energy system
solutions that integrate multiple energy generation, storage and conversion technologies into
a single system. Crucially, SES breaks away from single-sector thinking about the electricity
transition, and rather aims to integrate multiple energy modalities (e.g. electricity, heat, gas,
liquid fuels) to exploit synergies between them (Nguyen et al., 2017; H. Lund & Münster, 2006;
Lammers & Hoppe, 2019; Hvelplund, Möller, & Sperling, 2013; Connolly & Mathiesen, 2014;
Connolly et al., 2013). SES could be an attractive avenue for energy system renovation be-
cause, by transforming electricity to other types of energy carriers at peak times, distribution
grids could be decongested. However, there is a conceptual ambiguity in SES theorizing: it is
currently unclear what SES are, exactly, and how its conceptualization translates to practical
system design. Furthermore, there is a lack of empirical evidence on its application in prac-
tical settings (Lammers & Hoppe, 2019). The application of SES therefore necessitates the
development of an operational definition of the concept, as well as decision support tools that
can help energy planners and policy makers navigate the implementation of multi-technology
energy complexes in multi-stakeholder environments (Hall & Buckley, 2016).

The present study has three objectives. On a theoretical level, this thesis aims to demonstrate
whether the adoption of a SES approach can help DNOs decongest weak distribution grids. A
second aim of the study is to demonstrate a decision-making tool that can help experts and
local stakeholders co-design energy systems that are specifically tailored to local conditions,
interests and needs. As such, the main research questions addressed in this study are:

Research Question: Can the adoption of a SES approach be used to decongest
weak distribution grids? How could the decision-making process towards SES be
organized?

Both theoretical aims are satisfied by studying a specific case study in the Netherlands. Central
to the study is the development of several energy system designs for KOL13, a Medium Voltage
(MV) electricity cable feeding a variety of residential and agricultural loads. KOL13 is part
of a MV voltage network in Friesland, that is experiencing congestion issues as a result of
the recent installation of 20MW of solar capacity. Consequentially, the KOL13 service area
serves as an excellent example of congested weak distribution grids in the Netherlands. Many
farmers that are connected to KOL13 want to invest in renewable production (mainly solar
PV) in order to diversify their farms’ operation and benefit from favourable subsidy schemes.
Local government wants to support this development since on-farm renewable production could
significantly contribute to climate goals in the jurisdiction. However, it is currently impossible
to integrate on-farm electricity production in the KOL13 grid space, because the voltage levels
on the cable exceed statutory limits, particularly in the summer months. Therefore, if the
farmers are to start producing renewable energy, a new energy system configuration must be
found for KOL13. Therefore, the third, practical aim of the present study is to find an energy
system design for KOL13 that allows the integration of on-farm renewable energy production
and matches local interests. Therefore, this study focuses on conceptually developing different
energy system designs for KOL13, modeling their impacts on the surrounding MV electricity
infrastructure to check the impact of SES-thinking, and supporting the decision-making process
towards choosing an energy system design for KOL13.
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To study the impact of SES thinking, some of the energy designs for KOL13 will be smart
energy systems. To do so, first, it must be clarified what SES are and how they can be applied
to empirical settings. This leads to the first sub-question:

SQ.1 How have SES been conceptualized in the literature and how can these theoretical per-
spectives be used to develop specific SES designs for KOL13?

This question will be answered by means of a literature review on the SES concept. Addition-
ally, stakeholder input will be used to develop several conceptual energy designs that match the
local context. Once the designs have been developed, a decision framework must be set up so
that the designs can be systematically evaluated and a choice can be made for KOL13. In this
study, the decision-making framework is based on Multi Criteria Decision Analysis (MCDA),
which is a commonly used method of technology appraisal that assists decision-makers in seek-
ing trade-offs between technological options on the basis of technical, economic, social and
environmental criteria (Huang, Keisler, & Linkov, 2011; Diaby, Campbell, & Goeree, 2013;
Pohekar & Ramachandran, 2004; Dodgson, 2009). The MCDA decision framework is built up
of decision criteria as well as weighting factors, both of which will be determined participatively
to allow a good problem-solution fit. Therefore, the second sub-question is:

SQ.2 According to the project stakeholders, what system criteria and weighting factors must
be upheld in choosing an energy system design for KOL13?

This question will be answered by means of interviews, consultations, and workshops in which
the project stakeholders are invited to give their input on the decision-making framework for
KOL13. Answering the second sub-question will lead to a list of techno-economic, environ-
mental and socio-institutional criteria that the energy designs must meet. The next step of the
study, then, is to assess each of the designs along the identified criteria and to determine which
of the designs performs best for application on KOL13. For this, a solid understanding of the
electrotechnical impacts of each of the grid designs is required. Therefore, a Power Flow Anal-
ysis (PFA) model is employed to help the assessment of the energy system designs for KOL13.
PFA can help identify the effects of energy generation, storage and conversion technologies on
voltage levels and power flows in electrical networks. Because I aim to elucidate the impact of
SES thinking as a DNO strategy, the grid designs for KOL13 are assessed with the boundaries
of existing grid infrastructures in mind. As such, with the outcomes of the PFA, the third
sub-question can be answered:

SQ.3 Can the identified energy system designs mitigate voltage and capacity problems on
KOL13? Which design scores best for KOL13 given the chosen decision framework?

The stakeholders involved in the case can use the outcomes of the third sub-qestion to make a
decision about the energy system on KOL13; it is not the purpose of the present study to make
that decision for them. By answering the three sub-questions, generalizations can be made
about the potential of SES-thinking in the broader energy transition. By supplying empirical
evidence on SES application in practical settings, theorizing on SES can be strengthened.
Section 2 will provide an overview of existing literature on the SES concept and will highlight
gaps in SES theorizing. Additionally, an operational definition of SES will be developed to allow
the development of conceptual energy designs for KOL13. Section 3 elaborates on the research
methods employed to arrive at a choice of an energy system design for KOL13. After the
research cycle has been elucidated, sections 4-11 report on the outcomes of the eight sequential
decision-making steps included in this study. The thesis will close with a conclusion (section
12) and discussion (section 13), outlining the general outcomes and limitations of this research,
as well as recommendations for future research and energy policy.
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Project Background

This study has been executed as a part of the public-private partnership (PPP) Landbouw als
vliegwiel voor de energietransitie. The PPP has been partially funded by the Dutch Topsector
of Agri & Food with the aim of exploring the role of the agricultural sector in the energy
transition. The project consortium consists of Wageningen University & Research (WUR),
agricultural sector organization LTO Noord, DNOs Alliander and Stedin, as well as several
research organizations and private partners. One of the aims of the PPP is to set up two
regional pilot projects - one in Friesland (service area Alliander), and one in Zuid-Holland
(service area Stedin). The research presented here is part of the exploration phase for the pilot
project in Friesland. To set up the pilot, the PPP partners coordinated with local stakeholders
Noardlike Fryske Wâlden (NFW), Provinsje Fryslân, and several other civil society and local
governmental bodies. This thesis research was conducted at Alliander, but frequent contact
was maintained between all consortium partners. More information about the PPP can be
found on: www.ppsenergielandbouw.nl.
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2 Smart Energy Systems in the literature

The goal of this section is to review existing literature on Smart Energy Systems (SES), so
that an operational definition of the concept can be developed (see section 2.6). The concept
of SES first appeared in the energy planning literature in 2006, and has been discussed in
a multitude of other fields such as urban planning, policy making, and consumer psychology
since 2013 (H. Lund, Østergaard, Connolly, & Mathiesen, 2017). This section will reflect
on the definitions given to SES in the literature, the interpretations given to the ‘smartness’
embedded in the concept, the technologies and sectoral integration seen to be required for
SES. The review concludes with theorizing about stakeholder involvement in the development
and realization of SES and the formulation of an operational definition that can be used to
differentiate between energy system designs.

2.1 Definitions of Smart Energy Systems

The first step in exploring theorizing on smart energy systems (SES) is to understand how
they are defined. In the literature, very few authors give a formal definition of the concept1,
but overall there appears to be consensus about the idea that SES move beyond a narrow,
single-sector focus on electricity system change to emphasize the integration of multiple energy
sectors instead (H. Lund et al., 2012; P. Lund, Mikkola, & Ypyä, 2015; Hvelplund et al., 2013;
Dincer, 2016; Dincer & Acar, 2017). For instance, H. Lund et al. (2017) describe how SES
should present a “shift away from single-sector thinking to a coherent [...] understanding of
how to design, analyse and discuss [...] all sectors and infrastructures” (p. 562). The most
commonly adopted definition of SES is the one developed by the Department of Planning at
Aalborg University:

“A Smart Energy System is defined as an approach in which smart electricity,
thermal and gas grids are combined [...] and coordinated to identify synergies
between them in order to achieve an optimal solution for each individual sector
as well as for the overall energy system" (H. Lund et al., 2017, p. 560, emphasis
in original text; Connolly et al., 2013, p. 4, emphasis in original text).

In this definition as well as in other literature, multiple energy modalities - like electricity,
heat, gaseous fuels and liquid fuels - are considered to concatenate within the SES framework.
The ‘smart’ combination of these modalities realizes synergies between them so that the en-
ergy system as a whole is optimized (Mathiesen et al., 2015; Ma et al., 2018; Bačeković &
Østergaard, 2018a, 2018b; Connolly & Mathiesen, 2014; Dincer & Acar, 2017; H. Lund et al.,
2012; Orecchini & Santiangeli, 2011). For instance, Lund, Mikkola & Ypyä (2014) frame SES
as “running the electric and thermal energy system in parallel” (p. 438), which could create
interesting energy buffering opportunities beyond electricity storage so that both thermal and
electrical sectors benefit. The SES, then, is an integral energy system in which two or more
previously distinct energy sectors are connected to each other by means of energy generation,
conversion and storage technologies. The integrality of SES promises to bring about increased
fuel efficiency gains (H. Lund et al., 2012; Mathiesen et al., 2015; Orecchini & Santiangeli,
2011; Dincer, 2016; Ma et al., 2018; Bačeković & Østergaard, 2018a, 2018b; Shi, Blaauwbroek,
Nguyen, & Kamphuis, 2016; Simeoni et al., 2018), economic benefits such as stabilizing energy

1It must be noted that, in the literature, several different names are given to concepts that are described
to mean roughly the same thing: smart energy systems (SES) (e.g. H. Lund et al., 2017; H. Lund et al.,
2012; Hvelplund et al., 2013; Lammers & Hoppe, 2019) are also commonly referred to as 100% renewable
energy systems (e.g. Mathiesen et al., 2015; H. Lund Mathiesen, 2009; Connolly et al., 2013), intelligent
energy networks (Orecchini & Santiangeli, 2011), flexible energy systems (H. Lund & Münster, 2006)
and smart multi energy systems (SMES) (Ma et al., 2018; Simeoni, Nardin, & Ciotti, 2018). Because no
notable differences can be discerned in the description of these terms, in this study, they are taken together
and referred to under the common denominator of smart energy systems (SES).
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prices and improved export positions (H. Lund & Münster, 2006; H. Lund & Mathiesen, 2009;
Mathiesen, Lund, & Karlsson, 2011; Bačeković & Østergaard, 2018b), as well as environmental
and social benefits (Mathiesen et al., 2015; Connolly & Mathiesen, 2014; Dincer & Acar, 2017).
Most of these benefits remain unspecified in the literature.

It must be noted that, in the literature, the SES concept not only involves technological change;
it includes social, institutional, environmental and economic energy system reorganization as
well. In the words of H. Lund et al. (2018), SES “is [...] a concept that transcends technical sys-
tems and calls for integrated coordination with governance systems and ownership structures”
(p. 614). Crucially, then, SES is not just an infrastructural system consisting of complexes of
energy technologies; rather, it represents a paradigm shift in our thinking about future energy
systems (Dincer, 2016; Dincer & Acar, 2017; H. Lund, 2018; H. Lund et al., 2017).

Integrality despite, the descriptions of SES typically strongly emphasize electricity system
optimization. As discussed below, theorizing on SES typically starts with the electricity sector
and varies along the dimension of other sectoral integration. Additionally, the level at which
SES are developed and implemented vary. Some authors applied the SES framework to the
level of districts or cities (e.g. Lammers & Hoppe, 2019; P. Lund et al., 2015). Others took
the level of islands (Marczinkowski & Østergaard, 2018) or countries (H. Lund & Münster,
2006; Mathiesen et al., 2011; Connolly et al., 2013; Connolly & Mathiesen, 2014; Bačeković
& Østergaard, 2018b). In case of the latter, research typically takes the form of developing
renewable energy scenarios for different countries, such as the study by Connolly & Mathiesen
(2014) who developed renewable pathways for Ireland. These studies typically do not focus on
the local implications of energy system design.

2.2 Smartness

The nomenclature of the SES paradigm implies that integral energy systems are inherently
’smart’. The question is what is meant exactly with ‘smartness’, and how it is expected to
be brought about. The literature on SES addresses this question only sparsely. Smartness is
typically seen to be coupled mainly to the integration of ICTs for the streamlined operation
and control of electricity systems (H. Lund et al., 2017; Orecchini & Santiangeli, 2011; Nguyen
et al., 2017; Shi et al., 2016; Miller, 2017). The literature remains inconclusive about how
the smartness derived from these ICTs transcends the electricity sector to impact other energy
sectors as well. The emphasis on the integration of ICTs in the electricity system reminisces of
the smart grid concept (H. Lund et al., 2012; Bayindir et al., 2016; Graditi, 2017). However,
most authors clearly contextualize SES as an expansion of the smart grid concept (H. Lund et
al., 2017, 2012; P. Lund et al., 2015; Lammers & Hoppe, 2019; H. Lund, 2018; H. Lund, Duic,
Østergaard, & Mathiesen, 2016). For instance, Lund et al. (2014) write that smart grids should
be part of the overall SES since “all smart grids are important contributors to future renewable
energy systems” (p. 4). Similarly, Nguyen et al. (2017) discuss how SES are smart grids ‘in a
broader sense’. However, it remains unclear what elements set the smartness of SES and smart
grids apart. Only Lammers & Hoppe (2019) have attempted to answer this question beyond
the scope of ICTs by suggesting that SES derive smartness through organizational cleverness.
For instance, deploying new decision-making mechanisms or organizing early-onset stakeholder
involvement in energy planning could add local knowledge and interests, thereby making the
SES smarter.

2.3 Technologies

From the definition of SES presented in H. Lund et al. (2017), it does not yet become clear what
specific technologies should be considered for it. A wide variety of technologies is referenced
as suitable for SES in the literature, ranging from familiar ‘tried and true’ solar PV and
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wind turbines to combined heat and power (CHP) applications, heat pumps, district heating
and cooling, electric vehicles (EVs), vehicle-to-grid (V2G) technology, electrofuels, biofuels,
power-to-gas, power-to-liquid, power-to-heat and power-to-transport technologies, as well as
electrolysers for hydrogen, hydrogen storage, carbon capture and storage, concentrated solar
power, geothermal generation, pit storage, borehole thermal energy storage (BTES), lithim-
ion batteries and ICTs (for energy management). However, the constellations in which these
technologies appear in the literature differ.

Most authors develop visions of technical constellations using the electricity sector as a starting
point, in particular referencing the use of solar PV and wind turbines for electricity generation
(e.g. Shi et al., 2016; Nguyen et al., 2017; Lammers & Hoppe, 2019). However, scholars in
the SES field appear to disagree on the types of technologies that should be integrated beyond
electricity generation. Several authors emphasize the use of storage technologies within SES
(H. Lund et al., 2017; P. Lund et al., 2015; Dincer & Acar, 2017; H. Lund, 2018; Marczinkowski
& Østergaard, 2018). The logic behind this argument is that storage technologies can buffer the
intermittent nature of generation using solar PV and wind turbines. Most authors, however,
do not specify which energy storage technologies should be considered, except to note that
electricity storage (using batteries) is likely to be unsuitable for SES due to high deployment
costs and low technology lifetimes (H. Lund et al., 2017; P. Lund et al., 2015; Dincer, 2016).

Other authors stress the use of heat technologies (CHPs, heat pumps and, to varying degree,
heat storage) as crucial to SES realization (H. Lund et al., 2012; Mathiesen et al., 2015;
Hvelplund et al., 2013; H. Lund & Münster, 2006; H. Lund, 2018; Simeoni et al., 2018; H. Lund
et al., 2016; Gambarotta, Morini, Rossi, & Stonfer, 2017). Hvelplund et al. (2013), for
instance, suggest that “the main technologies to be introduced [for SES] are a combination of
district heating, heat storage systems and large heat pumps” (p. 166). Often, the rhetoric
for integrating heat and electricity technologies is that the conversion of electricity to heat at
peak-times enables increased integration of renewable electricity in the area (Hvelplund et al.,
2013; H. Lund, 2018; H. Lund, Duic, Østergaard, & Mathiesen, 2018). As such, the inclusion
of heat technologies remains firmly entwined with the inclusion of electricity technologies.
Beyond these two broad categories, ‘flexibility technologies’ (CHPs, heat pumps, EVs, V2G)
are referenced as crucial to SES (Shi et al., 2016), as well as hydrogen technology (Orecchini &
Santiangeli, 2011), biofuels (Mathiesen, Lund, & P. Nørgaard, 2008), and ICTs (Nguyen et al.,
2017; Miller, 2017). Only two papers reflect on the need for SES to fit existing electricity grids
(H. Lund, 2018; Simeoni et al., 2018). This stands in sharp contrast to the most commonly
adopted definition of SES, which strongly emphasizes energy grids to be the basis for SES.

Several authors refrain from specifying required technologies for SES, choosing instead to de-
scribe SES as full technological complexes, i.e. they do not prioritize any technologies for
application in SES (H. Lund et al., 2017, 2012; Mathiesen et al., 2015; H. Lund & Mathiesen,
2009; Connolly & Mathiesen, 2014; Mathiesen et al., 2011, 2008; Ma et al., 2018; Bačeković &
Østergaard, 2018a, 2018b). Instead, these authors adopt a more holistic approach to energy
system design, because “a narrow focus on one technology is not sufficient, as no single tech-
nology can point the way to [...] sustainable developments” (Mathiesen, Lund & Nørgaard,
2008, p. 108). Overall, therefore, it can be concluded that there is no consensus on the (types
of) technologies that should be prioritized in designing and implementing SES; in fact, there is
no consensus on whether this prioritization should take place at all. This opens up the design
space for SES, as no technologies are excluded a priori.

2.4 Sectoral integration

What can be taken from the definitions and conceptualizations of SES given in the preceding
sections, thinking in terms of SES starts from the premise that at least two energy sub-sectors
are integrated. This is closely allied to the choice of technologies considered for SES. The
question, then, is what sectors are to be integrated. The view on sectoral integration that
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is most commonly presented in the literature is that of the integration of the thermal and
electricity sectors (e.g. Hvelplund et al., 2013; H. Lund, 2018; Lund et al., 2018a, 2018b).
Hvelplund et al. (2013), for instance, describe how selling surpluses of wind energy to the
heat market - to be used in heat pumps and stored in energy buffers - can add significantly to
wind power economy. Other variations of sectoral integration are written about as well: the
idea that the power sector should be combined with the transport sector is popular. Orecchini
& Santiangeli (2011) describe how electrification of vehicles could realize electricity storage
and distribution services, thereby reducing the inherent variability of renewable electricity
generation. The integration of the electricity, heat and transport sector is also encountered,
for instance in Mathiesen et al. (2015) and H. Lund et al. (2017). The latter write that
“[SES] means combining the electricity, thermal and transport sectors so that flexibility across
these different areas can compensate for the lack of flexibility from renewable resources such
as wind and solar” (p. 50). Some authors suggest that the SES should integrate more than
just energy sub-sectors, arguing instead that the energy sector should be combined with the
industrial (H. Lund, 2018; H. Lund et al., 2018, 2016; Connolly et al., 2013) and agricultural
(e.g. Mathiesen et al., 2011) sectors to deliver specialized energy services. In Mathiesen et al.
(2011), for instance, it is suggested that extending the SES approach to agricultural systems
could improve agricultural practices in terms of climate impacts. Lund et al. (2016) describe
how industry could become a main driver of electricity and thermal sector integration by
supplying heat of various temperatures to district heating networks.

Overall, argumentation about sectoral integration starts from the electricity sector: the rhetoric
behind integrating the electricity sector with other energy sub-sectors is to mitigate the vari-
ability of solar and wind as prime movers for renewable generation. From the preceding, it can
be concluded that, theoretically speaking, the SES concept offers ample freedom to demarcate
its precise sectoral scope. Although a system integrating only electricity and heat services
occurs most frequently in the literature, such a system is not more or less a SES than a sys-
tem taking into consideration other combinations of the electricity, heat, cooling, transport
and fuel sub-sectors. Overall, therefore, the extent of sector integration remains open to the
interpretation of the researcher, policy maker or energy planner.

2.5 Stakeholder involvement

Whereas the SES literature reflects elaborately on sectoral integration and potential technolo-
gies for SES, it barely touches upon stakeholder interests, attitudes and objectives. This could,
to a large extent, be due to the fact that many papers remain embedded in the theoretical
realm: beyond the papers by Lammers & Hoppe (2019), who describe four SES in Dutch towns
and cities and Marczinkowsi & Østergaard (2018), who compare household and communal bat-
tery storage systems for SES, no papers were found developing, implementing or testing SES
in empirical settings. Very little has been written about the influence of stakeholder inter-
ests in structuring the development process of SES. When stakeholders are mentioned, this is
typically done using short descriptors such as ‘Danish society’ (H. Lund & Mathiesen, 2009),
‘employers’ (Connolly & Mathiesen, 2014) or ‘end consumers’ (Nguyen et al., 2017; Orecchini
& Santiangeli, 2011; Miller, 2017). It is, therefore, unclear if, when and how stakeholders are
to be involved in realizing SES in practice.

The authors who do present empirical evidence argue the importance of including stakeholders.
Marczinkoswki & Østergaard (2018) find that the optimality of different SES designs depends
crucially on the objectives that are being pursued by local stakeholders. According to them,
the different stakeholder objectives should be represented appropriately in decision-making
methods, so as to create SES that fit local contexts. Lammers & Hoppe (2019), similarly,
stress the need for collaboration and co-creation between actors impacting system transition:
“upgrading the energy system increasingly entails collective action between a large variety of
stakeholders, e.g. policy-makers, technology providers, distribution system operators (DSOs)
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and different sorts of end users” (p. 233). Overall, however, the importance of stakeholder
interaction and their influence on overall system design remains markedly unstressed in the
literature. The literature also does not clarify whether SES require collective action (e.g. energy
cooperatives jointly investing in energy technologies) or whether individualistic (‘behind-the-
meter’) approaches suffice. This introduces additional uncertainties in SES conceptualizations:
it is unclear how the benefits of SES can be delivered and to whom, and how stakeholder
interests impact the optimality of different SES designs.

2.6 Operational definition of Smart Energy Systems

The preceding sections have explored the interpretations of smart energy systems given in the
academic literature. Although it is commonly understood that SES move beyond single-sector
thinking about electricity transitions, the literature has not clarified what sectors, technologies
and stakeholders should be involved in SES design, nor how practical SES could be opera-
tionalized. As a result, the design space for SES is unspecific and broad, and it is unclear how
we can distinguish between system designs that can be considered to be smart energy systems,
and those that cannot. To guide practical system design, an operational definition of SES
based on previous research is presented here. In this thesis, an energy system is considered to
be a smart energy system when it:

1. integrates at least two energy sectors. To do so, it must produce, store, transport and/or
convert at least two distinct energy modalities, such as electricity, heat, hydrogen gas,
and biogas. In this study, as in other research, the electricity sector is taken as the focal
point for sectoral integration.

2. consists of a multitude of energy technologies that are operated in a concerted fashion
to bring about a certain (locally relevant) system objective. This objective could be
technical, social or economic in nature, and could include things like the reduction of
total system operating costs, the maximization of fuel efficiency, or the maximization of
social value. The ‘smartness’ that is inherent in the SES concept, then, can be understood
as imperative to reaching this system objective. For instance, the integration of ICTs
could be considered as ‘smart’ if it helps achieve the system objective. Alternatively, the
onboarding of stakeholders could be considered as ‘smart’ if that is what is required to
reach the system goal. As described in Appendix A, the objective for the KOL13 case
is to increase renewable production in the area. In this study, it is assumed that the
smartness required for this is inherently available in the energy system, and, as such, it
is not specified further here.
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3 Methods

To study the practical implications of adoptiong a SES approach, a case study-based research
design was chosen. As mentioned, this thesis research pertains to KOL13, a MV cable in
Friesland. Studying the KOL13 case allows a close inspection of real-world multi-technology
and multi-stakeholder decision-making processes. The decision framework that is used in this
study to develop and assess several first-order energy system designs for KOL13 is based on
Multi-Criteria Decision Analysis (MCDA). This method has been chosen because of its proven
applicability in supporting decision-making in complex environments where multiple choices or
options are available to the decision-maker. MCDA can assist in ranking these options along a
variety of technical, economic, social and environmental axes. MCDA has been demonstrated
in a variety of fields, ranging from medicine to energy system planning (Dodgson, 2009; Huang
et al., 2011; Diaby et al., 2013; Kumar et al., 2017; Brand & Missaoui, 2014; Pohekar &
Ramachandran, 2004; Marinakis, Doukas, Xidonas, & Zopounidis, 2017). Additionally, MCDA
enables the integration of multiple sources of data that can be both quantitative and qualitative
in nature (Brand & Missaoui, 2014; Pohekar & Ramachandran, 2004; Mourmouris & Potolias,
2013; Stirling & Mayer, 2001; Kumar et al., 2017). This means that technical impacts, as well
as social, environmental and economic impacts and stakeholder perspectives, can be jointly
implemented in a common analytical framework. This makes it highly suitable for analysis
of multi-commodity energy systems (Buchholz, Rametsteiner, Volk, & Luzadis, 2009; Kumar
et al., 2017; Marinakis et al., 2017; Tsoutos, Drandaki, Frantzeskaki, Iosifidis, & Kiosses,
2009). This section elaborates on how MCDA is used in the KOL13 case study. In particular,
it elucidates how the MCDA framework is combined with Power Flow Analysis (PFA) in a
hybrid method that allows the holistic exploration of the KOL13 case.

Multi-Criteria Decision Analysis (MCDA)

MCDA has an extensive track record as a technology appraisal method in complex, multi-
stakeholder and multi-objective decision environments (Huang et al., 2011; Buchholz et al.,
2009; Diaby et al., 2013; Kumar et al., 2017; Brand & Missaoui, 2014; Pohekar & Ramachan-
dran, 2004; Mourmouris & Potolias, 2013; Marinakis et al., 2017; Tsoutos et al., 2009). MCDA
is an analytical approach that helps decision-makers compare multiple alternatives along a set
of decision criteria to find an ‘optimal’ choice given the main project objectives (Huang et al.,
2011; Diaby et al., 2013; Pohekar & Ramachandran, 2004; Dodgson, 2009). The core steps
of MCDA revolve around defining project alternatives and system criteria, and subsequently
scoring each alternative on each criterion to find an overall ranking of alternatives.

MCDA can be used to compare policies, projects, programmes and technologies along social,
technological, economic and environmental axes (Brand & Missaoui, 2014; Kumar et al., 2017).
Other methods of project appraisal - such as cost-benefit analysis (CBA) and environmental
life cycle assessment - typically have a narrower scope which means that they are less suited to
accommodate multi-stakeholder and multi-objective decision-making (Dodgson, 2009; Diaby
et al., 2013; Brand & Missaoui, 2014; Buchholz et al., 2009; Stirling & Mayer, 2001; Saarikoski,
Mustajoki, & Marttunen, 2013; Saarikoski et al., 2016). Because MCDA can integrate multiple
impact indicators and can be combined with other assessment methods, it is a flexible approach
that can be tailored to a variety of circumstances (Pohekar & Ramachandran, 2004). Its
application in the field of energy planning has been broadly demonstrated, e.g. in Brand &
Missaoui (2014) who supported decision-making towards a renewable electricity mix for Tunisia
and Marinakis et al. (2017) who used MCDA to develop Sustainable Energy Action Plans for
Greek municipalities.

The research cycle for MCDA can take a variety of forms depending on the research objectives
and chosen research design. For this study, I have opted for a value measurement model of
MCDA, which assigns an aggregated numerical score to the selected options depending on
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their scores on respective critiera (Buchholz et al., 2009; Kumar et al., 2017). Using this
method, the best-performing alternative for the KOL13 case is the alternative with the highest
overall score. Value measurement models are typically intuitive and their results can be easily
communicated to a diverse audience, which is why it was chosen here. The research design
of this study is an example of multi-attribute decision making (MADM), which considers a
finite set of technological options instead of an indefinite set of alternatives (Buchholz et al.,
2009; Kumar et al., 2017). Further, the adopted MCDA is participatory in nature, i.e. it
adopts early-onset stakeholder engagement to define first-order energy system designs and
select decision criteria (Scolobig & Lilliestam, 2016). The research cycle for the present study
is given in figure 3.1 and is informed by the research approaches suggested in Dodgson (2009),
Buchholz et al. (2009), Diaby et al. (2013), Kumar et al. (2017), Brand & Missaoui (2014),
Pohekar & Ramachandran (2004), and Mourmouris & Potolias (2013).

Research Cycle MCDA

MCDA-PFA hybrid

As can be taken from figure 3.1, this study employs a mixed-methods approach in which Power
Flow Analysis (PFA, also commonly referred to as load flow analysis) is coupled to MCDA.
The PFA adds a layer of analytical depth to the appraisal of system designs for KOL13 that
could not be achieved with the MCDA alone. In general, the objective of PFA is to find the
bus voltage magnitudes, V , and phase angles, δ, for all buses in the network under study. This
is done by solving a set of non-linear algebraic equations that have the form

f(x) =


f1(x)
f2(x)

...
fN (x)

 = y (1)

where x is the linear combination of phase angles and voltage magnitudes in the network, i.e.

x =

[
δ
V

]
, and f(x) the functions coupling voltage magnitudes and phase angles to active (P )

and reactive (Q) power flows. The bus voltages, phase angles, and active and reactive power
flows in the distribution network can be computed for each bus k following:

Pk = Vk

N∑
n=1

YknVn cos(δk − δn − θkn) (2)

Qk = Vk

N∑
n=1

YknVn sin(δk − δn − θkn) (3)

with Vk the voltage at bus k ; Vn the voltage at bus n; Ykn the size of the admittance between
buses k and n; δk and δn the phase angles of buses k and n, respectively; and θkn the angle
of the admittance between buses k and n. In applications of power system analysis, these
equations are typically solved iteratively, where the analyst starts with an initial guess for the
voltage magnitude and phase angle (V (0) and δ(0)) and uses this guess to compute bus power
flows. The computed values are used to find new values, until a certain pre-set accuracy has
been achieved. In this research, a 15-iteration Newton-Raphson method is used in the software
programme Vision. The backgrounds of power flow analysis in general, and the Newton-
Raphson method in particular, are elaborated upon in Appendix J. The appendix also reflects
on the use of Vision for PFA.
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There are two motivations to combine MCDA with PFA. First, the two-step approach ensures
that only technically viable energy system designs will be evaluated in the MCDA. This
is because the PFA can inform the sizing of electrical equipment that will be required to
manage voltage and capacity levels on KOL13. Second, the outcomes of PFA can inform the
quantification of criteria scores of different technological options. It thus plays an important
role in overall technology assessment. The MCDA-PFA hybrid is reminiscent of the study by
Brand & Massaoui (2014), who employed an electricity system model to determine an optimal
electricity mix for Tunisia.

Figure 3.1: Schematic overview of the proposed mixed-methods MCDA for the appraisal of
first-order energy system designs for KOL13
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Research steps

The MCDA starts with a demarcation of the institutional, social and technical aspects of the
decision-making context (Dodgson, 2009; Marinakis et al., 2017). This step includes the iden-
tification of stakeholders by means of a stakeholder analysis and the exploration of existing
energy infrastructure in the area. The second step of the MCDA is the development of techno-
logical options (first-order energy system designs) for KOL13, which is done on the basis of an
expert workshop. The outcome of this step was the development of several first-order energy
system designs. Some of these can be considered a SES conform the operational definition
given in section 2.6. Others are not SES. In the third step of the MCDA, decision criteria are
selected that can be used to assess the first-order energy system designs for their applicabil-
ity on KOL13. The decision criteria were selected on the basis of semi-structured interviews
and stakeholder consultations. In the fourth step, a system model is developed, and PFA is
used to assess the voltage levels and power flows resulting from each of the conceptual energy
system designs. The outcomes of the PFA are used to assess the energy system designs on
several of the (quantitative) decision criteria developed in step 3, thereby contributing to the
establishment of a performance matrix in step 5. A performance matrix describes how each
technological options scores on each criterion (Marinakis et al., 2017; Dodgson, 2009).

In step 6 of the MCDA, weighting factors are established for each decision criterion. Weight-
ing factors are a measure of the relative importance of the selected criteria, and thus express
priorities for decision-making. In this study, weighting factors were elicited using a participa-
tory rank-based approach in which stakeholders were asked to rank identified decision criteria.
The stakeholders supplied these ranks in a workshop. A rank-based approach was chosen be-
cause assigning ranks is often less cognitively taxing for participants than assigning numerical
weights (Roszkowska, 2013; Sureeyatanapas, 2016; Y. Wang et al., 2018; van Til, Groothuis-
Oudshoorn, Lieferink, Dolan, & Goetghebeur, 2014; Duffy, Rogers, & Ayompe, 2015; Olson
& Dorai, 1992). Further, decision makers are more likely to concur on ranks than on exact
numerical valuations. After the individual ranks were collected, they were aggregated to group
weighting factors using the centroid weight method described in Roszkowska (2013), Olson &
Dorai (1992) and Sureeyatanapas (2016). Using this technique, weights can be established
from ordinal (rank) data following:

wj =
1

n

n∑
k=j

1

rk
(4)

with wj the weighting factor for criterion j, n the number of decision criteria, and rk the rank
of criterion k (k = j, j + 1, ..., n). It is generally accepted that the centroid weight technique
is superior to other rank order methods used for MCDA, because it produces more accurate
results without relying too heavily on decision makers’ knowledge about the topic at hand.

To develop this collective set of weighting factors, an (adapted) Delphi method was used.
The Delphi method is a well-known group communication method typically employed to reach
consensus about a specific topic using expert judgements (Rowe & Wright, 2001). At the centre
of the Delphi method is the aggregation of individual expert judgement to a group judgement
over several rounds. After each iteration, the group judgement is communicated back to the
individual participants in a feedback round, so they can revise their views if necessary (Pulipati
& Mattingly, 2013; Rowe & Wright, 2001; Awad-Núñez & González Cancelas, 2014). In this
study, the weighting factors were established by the stakeholder representatives in two rounds.
This method strongly reminisces of the studies by Awad Núñoz & Gonzáles Cancelas (2014)
and Pulipati & Mattingly (2013), who used rank order weighting and the Delphi method to
establish weighting factors for decision-making in the transportation domain.

After the establishment of the weighting factors, they could be combined with the performance
matrix from step 5 to make an overall assessment of the technological options (step 7). In this
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study, this was done using a linear additive model. Linear models are used frequently in MCDA
because of their simplicity (Roszkowska, 2013; Y. Wang et al., 2018; Duffy et al., 2015). They
combine the criteria scores of a technological option into one overall score by multiplying
the criteria scores by their respective weights and adding up the results (Roszkowska, 2013;
Dodgson, 2009; Buchholz et al., 2009). The linear additive model has been criticized in the
past because it adds criteria with different units, resulting in an outcome that has no physical
meaning (Pohekar & Ramachandran, 2004). To enable the combination of technical, economic,
social and environmental criteria scores into one overall score, several standardization steps are
included. This results in a dominance score Sij expressing the extent to which technological
option i out- or underperforms option j. The outcome of the linear additive model is a total
score per option, Si. The ‘best’ alternative, then, is the option i with the highest overall score
S. The MCDA concludes with a sensitivity analysis of these results (step 8) to reflect on the
robustness of MCDA outcomes. Several scope demarcations and assumptions were upheld in
the decision-making process for KOL13. These have been extensively described in Appendix
A.

Subjectivity and stakeholder involvement

To keep the research closely matched to local interests, a participatory MCDA was adopted
(Scolobig & Lilliestam, 2016). Stakeholders identified in step 1 of the MCDA were involved
early on in the decision-making process, and their input informed the development of tech-
nological options, the selection of decision criteria, and the establishment of weighting factors
(Scolobig & Lilliestam, 2016). Their inputs were elicited by means of interviews, (individual
and group) consultations and workshops.

The involvement of stakeholder perspectives in MCDA is not unambiguous, because it intro-
duces subjectivity in the appraisal process (Gamper & Turcanu, 2007; Scolobig & Lilliestam,
2016). For some authors and policy makers, the subjectivity of MCDA is a reason to discredit it
as an appraisal method, and they have favoured probabilistic assessment methods such as CBA
instead. In this study, however, the subjectivity of MCDA is seen as beneficial for the KOL13
case. Through the inclusion of stakeholder perspectives, the design and choice of energy system
alternatives becomes better matched to the local context, so that better solutions are expected
to result. Additionally, the close involvement of stakeholders in the decision-making process
might increase social acceptance of new energy technologies and might legitimize future energy
policy decisions (Huang et al., 2011; Buchholz et al., 2009; Marinakis et al., 2017; Tsoutos
et al., 2009; Scolobig & Lilliestam, 2016). Further, through their inclusion, local stakeholders
might learn more about energy systems, allowing them to make better trade-offs and decisions
in future projects (Tsoutos et al., 2009; Marinakis et al., 2017; Buchholz et al., 2009; Scolobig
& Lilliestam, 2016).

As a researcher, I impact the decision-making process towards an energy system design for
KOL13. Through the choice of decision-making framework; the selection and invitation of
stakeholders; and the organization of consultations and workshops, I shape how KOL13 deci-
sions are made, and by whom. Further, through the execution of technical analysis and the
delivery of frequent progress reports, I have an influence on the stakeholders’ level of knowledge
about the project. Despite my personal influence, it is not the objective of this study to make
a final decision on an energy system design for KOL13; only to inform it. The responsibility
for decision-making lies strictly with local stakeholders and involved project partners.
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4 Exploration of the decision-making context

As figure 3.1 illustrates, the first step in the development and assessment of energy designs for
KOL13 is the exploration of the local context. Understanding existing institutional, social and
technical structures will be vital to develop energy designs that fit local interests and available
resources and infrastructures. This section first addresses institutional drivers and barriers
to sustainability, and then goes on to identify (local) stakeholders and existing electricity
infrastructures.

4.1 Institutional context

This section briefly reviews several national, regional and local-level drivers and barriers to
sustainability. These include the Energieakkoord and Klimaatakkoord ; the SDE+ subsidy; the
Regionale Energie Strategie (RES) scheme; and the Friese Energie Strategie (FES) scheme.

National-level agreements

Two national-level agreements impact investment and strategizing towards sustainability in
the Netherlands: the Energieakkoord and the Klimaatakkoord. The Energieakkoord was signed
in 2013 by more than 45 parties with the key aims of reducing Dutch energy use by at least
1.5% annually, and increasing the share of renewable energy production in the energy mix
(14% in 2020, 16% in 2023). The concrete steps towards these goals have been laid down
in the 2015 Energieagenda (Ministerie van Economische Zaken, 2016). The Klimaatakkoord
is an agreement that was published in June 2019. The agreement details the strategies of
the Dutch government and other parties to comply with the agreements laid down in the
2015 Paris Agreement. The Klimaatakkoord aims to reduce Dutch Greenhouse gas (GHG)
emissions by at least 49% (compared to 1990 levels) by 2030 (Rijksoverheid, n.d.-a; Hekkenberg
& Koelemeijer, 2018; Regionale Energietransitie, n.d.). The core of the agreement consists of
600 proposals to reduce GHG emissions in five distinct sectors: electricity, built environment,
industry, agriculture & land use, and mobility.

SDE+ subsidy scheme

The most important tool that the Dutch government uses to reach the targets laid down in
the Energieakkoord and Klimaatakkoord is the SDE+ subsidy scheme (Blom et al., 2016).
The scheme targets businesses, (non-profit) organizations and inhabitants looking to invest in
renewable generation capacities upwards of 15 kWp. SDE+ covers a large variety of technologies
- ranging from ‘tried and true’ solar PV and on-shore wind to geothermal, bioenergy and
tidal energy solutions. As such, it covers renewable electricity, gas and heat production, as
well as combinations of these (Rijksdienst voor Ondernemend Nederland, 2019b). The SDE+
scheme uses an exploitation mechanism that compensates investors for the difference between
production costs of renewable energy and its market value. The height of the subsidy depends
on the technology type and the volume of production. For solar PV and on-shore wind projects,
the scheme compensates roughly e3ct/kWh and e2.1ct/kWh, respectively. The height of the
subsidy remains the same for the duration of the grant, which is either 12 or 15 years depending
on the technology (Rijksdienst voor Ondernemend Nederland, 2019d, 2019b, 2019c). With its
e10 billion annual budget, the SDE+ subsidy scheme has greatly contributed to renewable
production in the Netherlands, particularly in rural areas (Blom et al., 2016). In areas with
weak grids, the large-scale integration of renewable capacity resulting from the SDE+-scheme
is starting to create grid problems (Grol, 2018; Wierd Kooistra, chairman Dorpenfederatie
Kollummerland, personal conversation 23-04-2019).
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Regionale Energie Strategie

In parallel to the negotiation of the Klimaatakkoord, the Netherlands was divided into 31
‘energy regions’, which were each tasked to translate national Klimaatakkoord ambitions to
regional plans titled Regionale Energiestrategieën (RES) (Regionale Energietransitie, n.d.; Ri-
jksoverheid, n.d.-b, 2018). Within the region, municipalities, provinces and water authorities
must collaborate with local stakeholders to determine how and where their region will con-
tribute to the production of renewable electricity, heat and gas in the period up to 2030. Each
RES contains plans for the production of renewable electricity, the heat transition in the built
environment, and the realization of required storage technologies and grid reinforcements2
(Rijksoverheid, 2018; Regionale Energietransitie, n.d.). As such, the RES scheme takes a col-
lective and multi-sector approach to energy planning (Rijksoverheid, 2018). All 31 RES plans
should cumulatively realize 35 TWh of renewable generation by 2030 (Rijksoverheid, 2018; Re-
gionale Energietransitie, n.d.). The RES should make projections of each region’s contribution
to this target by mapping fruitful locations for renewables exploitation (Rijksoverheid, 2018;
Regionale Energietransitie, n.d.). Additionally, each region is obliged to deliver an inventory
of potential heat sources with which to fuel the heat transition (Rijksoverheid, 2018; Regionale
Energietransitie, n.d.).

Friese Energie Strategie

To trial run the RES process, five pilot regions were tasked to develop preliminary RES.
The province of Friesland - which is, in its entirety, one RES region - was one of these pilot
regions and delivered the Friese Energie Strategie (FES) in 2017 (Green Deal, n.d.). The FES
detailed the first steps towards an energy neutral Friesland in 2050. Although this preliminary
RES did not yet detail locations of renewable energy projects, it did lay down the ambition
to reduce total energy consumption from 62 PJ to 34 PJ by 2050 (Friese Energiestrategie,
2019; Winsemius et al., 2019). The remaining energy demand should be covered for 49% by
renewable electricity, 40% by heat, and 11% by renewable (bio)gas. For electricity production,
solar panels and (large-scale) wind projects3 are considered. For heat, the FES emphasizes the
use of geothermal sources, heat grids and energy recovery from surface water. The agricultural
sector is seen as an important player in the FES because it is expected to become a key energy
provider for Frisian cities and towns after 2030 (Winsemius et al., 2019).

Barriers to sustainability

The drivers discussed above paint an optimistic picture of the Dutch efforts towards sustain-
ability. However, several barriers hinder the uptake of sustainable practices on the national,
regional and local level. One of the most important barriers is the absence of a clear roadmap:
although the Dutch Environmental Assessment Agency (Planbureau voor de Leefomgeving) de-
veloped several trajectories for the energy transition in the Netherlands (Planbureau voor de
Leefomgeving, n.d.), no specific trajectory has been chosen and pursued (Marcel Doyer, strate-
gic area manager Friesland at Alliander, personal conversation 09-04-2019; Rob Dado, senior
relation manager at Alliander, personal conversation 26-11-2018; Sjef van der Lubbe, coordi-
nator Agriculture & Energy at Provinsje Fryslân, personal conversation 08-04-2019). Further,
in national and regional politics, skepticism about the necessity of an energy transition has

2The RES scheme only focuses on the Klimaatakkoord sectors of electricity and the built environment.
Industry, agriculture & land use and mobility are excluded from the scheme.

3It is interesting that the FES relies on the realization of wind projects, since wind energy is a politically
charged topic (Marcel Doyer, strategic area manager Friesland at Alliander, personal conversation 09-04-2019;
e.g. Van Santen & Kooiman, 2019). Decentral governments in Friesland have banned the placement of new
wind turbines of all sizes, because they would pollute the Frisian landscape too much (Leeuwarder Courant,
2018; Klein, 2019).
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been voiced, particularly by right-wing movements that have been gaining traction since the
2019 provincial elections (Hendrickx & Mebius, 2019; van der Walle, 2019). Another barrier to
sustainability is local resistance to energy projects, especially in the northern provinces of the
Netherlands. In Groningen, resistance against the extraction of natural gas has skyrocketed
since the emergence of highly localized earthquakes (Berkenbosch, 2015; van Amerom, 2014;
Visscher, 2018). Similarly, violent protest against the installation of wind turbines has erupted
in Drenthe and Groningen (Nederlandse Omroep Stichting, 2018a, 2018b, 2019a; van Santen
& Kooiman, 2018). As such, discussions about energy and the types of sources selected for its
production have become highly politicized on the local level. Overall, the lack of leadership and
the emergence of local resistance have dampened enthusiasm for the energy transition. This
has created uncertainty for investors, who might hesitate to invest until more institutional
clarity has been granted.

4.2 Stakeholder analysis

The second part of the context exploration focuses on the identification of project stakeholders
by means of a stakeholder analysis (see Appendices B and I for background information). To
identify those stakeholders of relevance to the KOL13 case, a desk study of policy documents
was completed. This resulted in a list of 20 stakeholder groups, including utility companies,
research organizations, policy makers, local community groups and cluster organizations. The
full list of stakeholders is given in table B.1.

Figure 4.1: Rainbow diagram of the stakeholders for the KOL13 case. The stakeholders have
been visualized on the basis of their level of operation and the extent to which they affect or are
affected by the decision-making process. The stakeholders are grouped by their organization
type. The stakeholders that are part of the Landbouw als vliegwiel voor de energietransitie
consortium have been demarcated by a bold-printed circle.

After identification, the stakeholders were categorized using a rainbow diagram and an interest
vs. influence matrix. The rainbow diagram (given in figure 4.1) is a tool to visualize whether
stakeholders are affecting or affected by the KOL13 project, as well as the level of their operation
(national, regional, local). Most of the identified stakeholders fall in the affecting segment of
the diagram. This implies that decisions made by larger, more powerful parties - like the
national government, Alliander and LTO Noord - will be very impactful to only a handful of
local stakeholders (mainly farmers and local communities). The interest vs. influence matrix
is given in figure 4.2. The matrix aims to categorize stakeholders according to their relative
interest in the project and their influence in changing its outcomes (Grimble & Wellard, 1997;
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Raum, 2018; Reed et al., 2009; Schmeer, 1999). Using the matrix, eleven stakeholders have
been identified as either key players or subjects (see Appendix I): Alliander, Stedin, Projecten
LTO Noord, Wageningen University and Research (WUR), Noardlike Fryske Wâlden (NFW),
Provinsje Fryslân, Gemeente Noardeast Fryslân (NOF), local farmers connected to KOL13,
energy cooperation Enerzjykoöperaasje Westergeast (EKW), Doarpsbelang Aldwâld and local
communities. Nine of these stakeholders have been prioritized for further involvement in the
KOL13 case; in particular in steps 2 and 3 of the MCDA. Stedin has been excluded from this
list because it manages the gas grids in the KOL13 area. Since first-order designs for KOL13
are made in this study, the locationality and capacity of Stedin’s gas grids in the area were
assumed to be infinite (see also the goal and scope demarcation in Appendix A). As such,
Stedin is excluded from direct involvement in the MCDA. Likewise, the local communities are
not directly involved because it is assumed that their interests are represented through the
inclusion of the Gemeente NOF, EKW and other civil society groups such as Doarpsbelang
Aldwâld.

Figure 4.2: Interest vs. influence matrix for the KOL13 stakeholders. The area shaded in gray
captures the stakeholders that have been prioritized for further involvement in steps 2 and 3
of the MCDA.

The project on KOL13 has come about through a public-private partnership researching the
role of the agricultural sector in the energy transition. This project is executed by stakehold-
ers WUR, Alliander and Projecten LTO Noord, as well as Windunie, ECN, Gigawatt and
Stedin. Central to the project is the set up of two pilot projects - one in Friesland and one
in Zuid-Holland. For the realization of the pilot project in Friesland, four local organizations
were involved: Provinsje Fryslân, Municipality NOF, NFW and EKW. NFW is a nature man-
agement organization with 600 agrarian members that has the aim of preserving agricultural
assets in the area. The organization has recently started to specialize in on-farm energy pro-
duction. NFW wants to develop a collective approach to realizing large-scale solar arrays on
farm roofs. There is enthusiasm for this scheme among NFW members - roughly 100 farmers
have indicated they would be interested in participating in a collective PV-scheme. The farm-
ers connected to KOL13 are an important stakeholder group: if a collective energy system is to
be realized, the farms would become the main suppliers of energy for the other end-consumers
in the area. As such, the success of the system hinges on their participation. Provinsje Fryslân
and Gemeente NOF are involved to provide legislative support to the project. Further, the
Province is interested in the KOL13 case for the development of its RES scheme, since the
lessons learnt on KOL13 could be elaborated to other, similar MV cables. The local energy
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cooperation EKW and the village counsil Doarpsbelang Aldwâld have expressed their interest
in the project on KOL13, and could potentially play a role in arranging participation of local
households in the pilot phase of the KOL13 project.

4.3 Energy demand and infrastructure

Now that the institutional and social aspects of the decision-making context have been elu-
cidated, the final element of the context exploration focuses on the technical aspects of the
KOL13 case. This section elaborates on the grid infrastructure around KOL13 and the sources
and loads currently connected to it. Next, existing energy demands are quantified. Addition-
ally, current voltage levels on KOL13 are reported upon.

Electricity infrastructure

KOL13 is part of a MV grid space fed by Distribution Substation (DS) Bergum and Control
Substation (CS) Buitenpost (see figure B.1 in Appendix B). Incoming high voltages from the
transmission system are transformed to the 21 kV and 10.5 kV level in DS Bergum, from where
power is distributed to multiple substations in the area. DS Bergum connects to CS Buitenpost
with a feeder system consisting of four 10 kV cables. CS Buitenpost is equipped with two 18
MVA booster transformers, one of which is idle to satisfy to the (n-1) redundancy criterion.
The booster transformers regulate voltage levels by switching between taps of 0.15 kV each. In
the 10.5 kV network, the booster transformers use their voltage regulation to maintain system
voltages between 9.70 kV and 11.10 kV conform Alliander policy4 (Jan Bozelie, consultant
electrical engineering at Alliander, personal conversation on 20-05-2019). KOL13 is a 10.5 kV
cable extending from Switching Substation (SS) Kollum, which is, in turn, connected to CS
Buitenpost by means of two 310A paper-insulated (GPLK) cables. KOL13 has a capacity of
265A and contains both GPLK and cross-linked polyethylene (XLPE) segments. It has a length
of approximately 13.5 km and traces through two village centres (Kollum and Oudwoude)
before winding through the rural area around Oudwoude up to the outskirts of the village
of Ee. KOL13 is made up of 16 MV/LV substations that each connect different sources and
loads to the 10.5 kV network. The MV/LV substations are the loci where incoming voltage is
transformed to the Low Voltage (LV) level by means of 10 kV:0.4 kV transformers. A map of
KOL13’s trajectory - including the location of its MV/LV substations - has been taken up in
figure 4.3. The trajectory of the cable is given in red, and the locations of its sixteen MV/LV
substations are indicated by the bold-printed squares. The names of the MV/LV substations
can also be found in the figure.

Sources, loads and energy demand in the area of KOL13

KOL13 connects a variety of different sources and loads. These sources and loads have been
identified using data from Alliander’s geoservices, the Dutch Chamber of Commerce register,
and member data from project stakeholders NFW and LTO Noord. 12 agricultural firms are
connected to the cable, of which six are dairy farms, five are animal husbandries (horses, goats
and sheep), and one is a poultry farm. One of the dairy farms has already installed a solar PV
installation of 50 kWp. Additionally, two agricultural contracting companies are connected to
the cable. Several other, non-agricultural firms are connected to KOL13 as well. One of these
firms has installed 13.5 kWp of solar capacity. Furthermore, KOL13 serves a primary school,
a community centre, a small sports facility and an assembly firm in the village of Oudwoude.
Finally, KOL13 feeds roughly 85 homes, which are mostly fully detached. Only a few of the

4The Dutch grid code prescribes that DNOs must maintain distribution voltage levels conform Uref±10%,
which, in the KOL13 case would translate to limits of 9.55 kV and 11.55 kV. See also https://wetten.overheid
.nl/BWBR0037940/2019-07-10.
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homes have installed solar panels. The bulk of the households have been connected at the start
of the cable, near the villages of Kollum and Oudwoude. Figure B.2 shows a map of KOL13’s
trajectory, indicating the approximate locations of all loads connected to it. Table B.2 gives
an overview of all 15 MV/LV substation of KOL13, and the loads and sources connected to
each one.

Figure 4.3: Map of KOL13. The trajectory of KOL13 is indicated with the line shaded in red.
The locations of the MV/LV substations are indicated with the black squares.

Using empirical data on average annual energy use (electricity, gas and diesel) of these loads,
total energy demand in the area fed by KOL13 could be approximated. In the establishment of
total energy demand, total electricity, gas and diesel use of the end-users connected to KOL13
were evaluated. Additionally, the gas demand of the households residing in the villages of
Kollum and Oudwoude were taken into consideration conform the scope demarcation given in
Appendix A. The electricity demand of the loads connected to the cable was calculated using
2018 SCADA data. The data contained rail voltages and currents in 15-minute intervals, with
which the total apparent power profile S could be established for KOL13. From this profile,
electricity demand was established to be roughly 1920 MWh. For the approximation of gas
and diesel demand, less detailed data was available. Using empirical sources and assumptions,
total gas demand was approximated to be 4100 MWh (roughly 350,000 m3) annually, and
diesel demand 5100 MWh (roughly 475,000 L). Additionally, the combined gas demand of the
households in the villages of Oudwoude and Kollum was established to be 4,500,000 m3/year.
Appendix B elaborates on the establishment of these figures.
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Voltage issues on KOL13

To maintain power quality in the distribution grids and avoid damage to equipment, Alliander
aims to maintain voltage levels between 9.7 and 11.1 kV in its 10.5 kV MV system. A power flow
analysis (PFA) was used to inspect current voltage levels in the service area of DS Bergum.
To this end, a Newton-Raphson iteration was completed in the software programme Vision
(see section J). The PFA showed that voltage levels on KOL13 are exceedlingly high already
without the integration of on-farm renewable capacity. Figure 4.4 shows a heat map of voltages
in the DS Bergum service area for both summer and winter operation. What can be taken
from the figure is that, in summer, the 11.10 kV limit is exceeded in the areas shaded in red.
In winter, voltage levels remain within statutory limits, but are pushed up towards ∼11.0
kV around noon. The PFA furthermore elucidated that, in summer, maximum voltages on
KOL13 reach the 11.2 kV mark, whilst, in winter, voltage levels peak at 11.0 kV (see table B.3
in appendix B). The daily development of KOL13 voltage levels is given for MV/LV substation
Stienfeksterwei 30 in figure 4.5. As can be seen, system voltages do not drop below the 9.70
kV level, courtesy of the booster transformers equipped at CS Buitenpost.

Figure 4.4: Voltage levels in the service area of CS Buitenpost at 12:00 in summer (left-hand
side) and winter (right-hand side). The areas in the figures are shaded according to their
voltage levels in % of nominal voltage (10.5 kV).

On the basis of figure 4.5, it can be concluded that KOL13 is already experiencing overvoltage
problems. The high voltage levels on KOL13 are caused by two large solar parks connected to
CS Buitenpost (combined capacity of 20.8 MWp) and several other, smaller solar installations
in the rest of DS Bergum’s service area. As mentioned, CS Buitenpost has been equipped
with two booster transformers to regulate the voltage levels in the area. However, these
booster transformers are equipped with positive taps only, i.e. incoming voltage can only be
regulated upwards, not down. As such, the control substation cannot improve the voltage
levels in its service area during the afternoon when solar generation peaks. The effect of
voltage regulation on system voltage levels is demonstrated in figure B.4 in Appendix B. As
mentioned in the previous section, many farmers in the area are interested in joining a collective
solar PV project. Some have already (successfully) pursued SDE+ subsidy towards installing
solar installations (see table 4.1). However, the connection of more renewables on KOL13 will
escalate voltage levels further, creating more pronounced overvoltage problems that must be
solved through grid reinforcements, smart energy system design, or a combination of both. As
table 4.1 demonstrates, finding a solution to the voltage problems on KOL13 is urgent: a SDE+
application for 650 kWp of solar capacity on MV/LV substation Dellenswei and Walddijk F15
is underway, and the other farmers in the area have roof space available to install another 1600
kWp. The implementation of smart energy grid designs could potentially de-escalate voltage
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levels while (partially) avoiding grid reinforcements. Now that the decision context has been
fully elucidated, the next step in the MCDA is to develop such (smart) energy designs for
KOL13 on a conceptual level. This is done in section 5.
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Figure 4.5: Voltage levels on MV/LV substation Stienfeksterwei 30 throughout a summer’s and
winter’s day. During the night and early morning, the booster transformers at CS Buitenpost
keep voltages above 9.7 kV.

MV space Potential solar capacity Orientationd status SDE+ application
Tollingas./V Heemstral 120 kWp* 80° n.a.

Allemawei bij 9 200 kWp* 90° n.a.

De Wygeast bij 61 200 kWp* 180° n.a.
450 kWp* 80° n.a.
40 kWp* 100° n.a.
325 kWp* 150° n.a.

Westeregen 300 kWp 180° granted

Dellenswei 325 kWp 180° pending
120 kWp* 180° n.a.

Wouddijk F15 325 kWp 180° pending

Wouddijk 13 70 kWp* 170° n.a.

Table 4.1: Potential solar capacities for the KOL13 farmers. The capacities in the table are
based on available roof space (denoted by *) or existing SDE+ applications. The data in this
table were supplied by the respective KOL13 farmers through e-mail.

d0°is north, 90°is east, 180°is south, 270°is west
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5 Identification of technological options

After the clarification of the decision context (section 4), technological options were developed
for KOL13. These options are conceptual, first-order energy system designs that specify the
generation, storage and conversion technologies installed along the cable’s trajectory. Assess-
ment of technological options using PFA and other methods is only possible if the options
are specific, that is, if they specify operational details such as generation capacity, conversion
efficiency, operating temperatures, etc. Further, the technological options should reflect on the
levels of sectoral integration and social collectivity required to make them functional.

The development of the technological options was completed in two steps. First, a list of energy
system building blocks was established. This list included different energy generation, storage
and conversion technologies, as well as energy management strategies, that could be combined
in various ways to produce first-order energy system designs designs. The list of building blocks
was developed using stakeholder input gathered during interviews and consultations. In the
second step, this list was used to develop five distinct technological options for KOL13.

Building blocks

In the literature, there is no consensus on the definition of smart energy systems, nor how
they should be translated to practical settings. Therefore, theoretically speaking, the range
of technologies and energy management strategies that could be applied is very wide. The
project stakeholders echoed this sentiment: many representatives I spoke to suggested that
they did not feel confident excluding any technologies for KOL13 a priori. This resulted in a
broad design space for KOL13 energy systems. To demarcate the design space slightly, a list of
building blocks was constructed, describing a variety of energy generation, storage, conversion
and management technologies. By choosing from this list, the development of technological
options could be structured.

The list of building blocks was established on the basis of stakeholder input. Eight out of nine
high-priority stakeholders (section 4) were approached for semi-structured interviews or infor-
mal consultations5. Representatives from six of the stakeholders6 agreed to answer questions
about the technological configurations and sectoral integration they would consider for energy
system renovation. Although many suggested that they did not want to exclude any technolo-
gies a priori, most of the people I spoke to still specified the (types of) technologies they found
important. For instance, representatives from Wageningen University and Research (WUR)
emphasized on-farm demand-side management techniques, whilst representatives from Allian-
der paid specific attention to thermal energy buffering. Most interviewees placed a strong
emphasis on the use of solar panels for electricity generation. All technologies and energy
management strategies that were mentioned were recorded to establish a full list of building
blocks. This list was checked for completeness with the programme managers of Landbouw als
vliegwiel voor de energietransitie. The full list of building blocks can be found in Appendix D.
More information about the stakeholder interviews and consultations have been taken up in
Appendix C.

5Doarpsbelang Aldwâld was not yet formally involved in the project by the time the technological options
were identified

6The Gemeente Noardeast Fryslân was excluded from this step by their own request – they did not want to
take an active role in facilitating the project until a clear technical proposal for the pilot had been submitted
to them. The representative from Enerzjy Koöperaasje Westergeast suggested that the cooperative could not
actively support the KOL13 project given the current grid situation. However, out of interest, they did agree
to joining progress meetings and submitting ideas about the KOL13 energy system
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Technological options

After the building blocks were established, they were used to develop technological options for
KOL13. This was done in a workshop, which nine agriculture and energy experts from WUR
and Alliander attended (see Appendix D for a list of attendees). During the workshop, the
participants were introduced to the KOL13 case and were asked to develop conceptual solutions
for it in small groups. This led to the development of 14 unique ideas. Some of these ideas
overlapped, whereas others were unrealistic given the technological readiness of certain building
blocks. Ultimately, seven technological options were identified for KOL13 - one ‘business as
usual’ option, which describes the current DNO strategy for installing renewables, and six
options that applied one or more of the identified building blocks. The seven options were
presented during a progress meeting that four KOL13 farmers and five representatives from
EKW, NFW, Provinsje Fryslân and Alliander attended. The attendees gave feedback on the
technological options, which resulted in the selection of five options for further analysis. The
other two options were excluded because they relied on energy management technologies that
would impact on-farm processes. This was found to be undesirable by the KOL13 farmers.
Of the resulting five technological options, two can be considered to fall within the definition
of SES as given in section 2. The other three options remained strictly tied to the electricity
system. The following sections elaborate on each of the technological options in turn. A
categorization of these options along the axes of sectoral integration and social collectivity is
given in Appendix D. Table 5.1 provides an overview of the technological options developed
for KOL13, detailing which building blocks were used for each one.

Technological option 1: Business as Usual - In the Business as Usual option, 2475 kWp of
solar PV capacity will be installed on the farmers’ rooftops, conform the data given in table 4.1.
This translates to a total annual production of roughly 2230 MWh. Since no other building
blocks are used in this option, grid reinforcements will be necessary to stay within voltage and
capacity constraints. This option represents the standard procedure followed by DNOs in case
renewables are to be integrated in distribution systems. As such, it does not fall within the
operational definition given to SES in section 2.6.

Technological option 2: DNO toolkit - In the second technological option, 2475 kWp of
solar PV capacity is again placed on the farmers’ roofs. Energy management strategies are
applied to reduce voltage levels. Curtailment is applied to shave the production peak. To do
so, inverter powers will be set to 70% of nominal PV power. Furthermore, a Q(U) scheme is
adopted, which makes the injection and absorption of reactive power of the inverters dynamic
in order to diminish voltage levels. The option is completed with an active power transport
limitation (P(U)) that cuts production by 30% when voltages get exceedingly high. This option
does not require collective action and remains firmly based on solutions rooted in the electricity
sector. As such, following the definition in section 2.6, it is not considered a SES.

Technological option 3: Big Battery - Technological option 3 assumes that all farmers
adopt a PV-installation conform the potentials given in table 4.1 (2475 kWp, 2230 MWh/year).
Additionally, this option includes eleven small wind turbines (15 kW, 33.000 kWh/year). Like in
technological option 2, option 3 includes curtailment of the solar panels to shave the generation
peak. The excess electricity is stored during the day in a 6MWh (1.5 MW) Li-ion battery near
the end of the cable. The battery is owned by the farmers and installed on one of their lots.
The battery is operated to provide grid support services, i.e. it is not used to trade on energy
markets. This technological option only considers solutions in the electricity domain, and thus
does not demonstrate sectoral integration. As such, in this study, it is not considered a SES.
However, it does require collective action because a joint investment in the Li-ion battery is
required.
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1 1 3 4 5
Business DNO Big Thermal Hydrogen
as Usual Toolkit Battery Conversion Production

Agricultural building blocks
Time-shifting milking
Time-shifting milk cooling
Time-shifting manure shoveling
Time-shifting water heating
Electrification of on-farm vehicles
Condensing milk (to powder)
Grass drying
Manure cooling
Energy building blocks
Solar panels
Solar thermal (PVT) panels
Wind generation (small)
Wind generation (large)
P(U)-scheme
Q(U)-scheme
Curtailment
Production of hydrogen
Production of e-diesel
Electricity storage
Aquifer thermal energy storage
Borehole thermal energy storage
Heat pumps
Biogasification
Heat grids
Hydrogen injection

Table 5.1: Overview of building blocks per technological option developed for KOL13

Technological option 4: Thermal Conversion - As in the other system alternatives dis-
cussed thus far, technological option 4 assumes 2475 kWp of solar PV potential on the farm
roofs. The PV panels are used to cover on-farm electricity demand, and the surplus is used
to charge an Aquifer Thermal Energy Storage (ATES) with 25 °C water. The ATES will
be charged by means of two electrically-powered ground-source heat pumps with a combined
power of 3.5 MW. The heat pumps are connected close to the villages of Kollum and Oudwoude,
which ensures that voltage levels dip at the start of the cable. In this option, excess electricity
is used in summer to charge the ATES with 25 °C heat. In winter, the heat pumps are used
to upgrade this heat to the ∼ 70 °C level, so that it can be circulated to the households in
the villages via a heat grid. The heat can be used for room heating and tap water production,
thereby replacing demand for natural gas. The heat pumps are operated in concerted fashion
following solar production curves, as well as standardized household heat demand profiles (Love
et al., 2017). By considering power-to-heat technologies, this option integrates the electricity
and heat sectors and can be considered a SES conform the operational definition presented in
section 2.6. Additionally, this option requires collective action in which end-users in Kollum
and Oudwoude jointly benefit from the heat grid.

Technological option 5: Hydrogen Production - In this option, the farmers will install
solar-thermal (PVT) panels (annual production of 2230 MWh of electricity and ∼ 12000 MWh
of thermal energy) on their roofs. Additionally, the farmers collectively adopt a 1MW wind
turbine (2500 MWh/year). The combination of a large-scale wind turbine and solar panels
introduces a relatively high capacity factor for renewable production so that an electrolyzer
can be powered to produce hydrogen gas. The electrolysis plant (2 MW) will be installed at
the start of KOL13, near the village of Kollum, to create a local dip in voltage levels. Roughly
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30% of the electricity used in the electrolysis plant is released as heat. In summer, the heat
produced by the electrolyzer and PVT panels will be stored directly in an ATES using a heat
exchanger. The temperature level in the ATES is roughly 25 °C. In winter, this heat can be
extracted and upgraded to the ∼70 °C level using two heat pumps with a joint capacity of
3.5 MW. The high temperature heat can be circulated to the households by means of a heat
grid that connects the KOL13 farmers as well as Kollum and Oudwoude households. The
electrolyzer is operated only when sufficient power is available from the wind turbine and solar
panels. The heat pumps are coordianted to operate in winter only when the electrolyzer is
on or when there is a household heat demand. This technological option assumes multi-sector
integration by combining electricity production, hydrogen production and heat storage and
distribution. As such, it is considered here as a SES. A collective approach is required to
arrange investments in the large-scale wind turbine, electrolyzer, heat pumps and local heat
grid.
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6 Identification of decision criteria

As mentioned in section 3 and figure 3.1, the goal of the MCDA’s third step is to establish
decision criteria that will be used to assess the technological options for KOL13. In this study, a
participative route to criterion selection was taken. This was done by means of the stakeholder
interviews and consultations described in section 5 and Appendix C. In these consultations,
the stakeholder representatives were asked to formulate system criteria for an integral smart
energy system, which culminated in a long-list of criteria for the KOL13 case. The long-list is
taken up in table E.1 in Appendix E. From the table, it can be found that the stakeholders
tend to agree that the business case for farmers and the climate impact of energy systems are
important decision criteria. Costs of grid reinforcement, agricultural land use, fairness in the
distribution of costs and benefits and institutional fit with energy policy schemes such as RES
were also frequently mentioned.

The criteria mentioned by the stakeholder representatives were not yet operational for use in
the MCDA. Because they excluded measurement units and system boundaries, the stakeholder
input had to be formalized to deliver a set of measurable, cohesive and non-redundant decision
criteria (Marinakis et al., 2017). To do this, the gathered stakeholder input was first classified
into three broad impact categories: techno-economic, environmental and socio-institutional.
Thereafter, a measurement unit was assigned to them to deliver a set of 13 quantitative and
qualitative indicators, which are given in table 6.1. Seven of the criteria are quantitative
indicators, the others measure qualitative impacts. The full list of decision criteria as presented
in table 6.1 was consolidated and deemed complete by the KOL13 farmers, NFW, EKW, WUR,
Projecten LTO Noord, Provinsje Fryslân and Alliander during a consultation meeting on 30-
4-2019 (see table C.1). Later on in the appraisal process, Municipality NOF also approved the
decision criteria set.

Impact category Criterion Unit Direction
Techno-economic 1. Business case farmers (payback period) years negative

2. Share of system energy demand % positive
generated renewably

3. Costs of grid reinforcement and e negative
infrastructure updates

4. Realisation time years negative
Environmental 5. Climate impact farms (reduction % positive

CO2-eq. emissions)
6. Climate impact surrounding area % positive

(reduction CO2-eq. emissions)
7. Agricultural land use m2 negative
8. Visual impact 1 - 5 negative

Socio-institutional 9. Institutional fit with RES +++/- - - positive
10. Ease of adoption for farmers +++/- - - positive
11. Fairness of adoption +++/- - - positive
12. Social acceptance +++/- - - positive
13. Locality of the solution +++/- - - positive

Table 6.1: Set of decision criteria for the energy system KOL13. The column direction indicates
whether a rise in the score for a criterion results in a better (positive) or worse (negative) overall
solution for KOL13.

Included criteria

The techno-economic and environmental impact categories mainly contain quantitative crite-
ria. Most of these, such as the business case of farmers and the required costs for infrastructure,
were taken directly from stakeholder input. Additionally, all stakeholders mentioned climate
impacts, but they upheld different boundary conditions for this criterion. Some of them specifi-
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cally referred to the climate impacts of the dairy farm operations, whereas others took a system
perspective and argued for a reduction of CO2-equivalents emissions in the whole service area
of KOL13. To accommodate both perspectives, both criteria 5 and 6 were taken up in the
criteria set. Interestingly, none of the stakeholder representatives referred to the main objective
of the project, i.e. to maximize renewable energy generation in KOL13’s service area. To still
accommodate this objective, criterion 2 was added to the decision framework.

The socio-institutional impact category exclusively contains qualitative criteria. Through the
inclusion of criterion 9, the technological options for KOL13 are evaluated for their thematic
fit with the goals of the RES-scheme. Indicator 9 captures the extent to which the technolog-
ical option under consideration delivers on the integrality that is central to the RES-scheme.
Criterion 10 was added to capture the ease with which other farmers in the area surrounding
KOL13 could adopt the proposed solution. For instance, a solution that involves joint invest-
ment by multiple farmers is likely to have a higher threshold of participation than a solution
in which farmers can make the investment decision for their farm on their own. Therefore, this
indicator captures expectations about upscaling potential. Several stakeholder representatives
mentioned that any (smart) energy system should be as non-discriminatory as possible - that
is, that all local households should be able to participate under equal distributions of costs
and benefits. Indicator 11 aims to capture the fairness of the system in giving equitable access
to local communities in benefitting from the SES. Indicator 12 captures the extent to which
the proposed solution is deemed acceptable by local stakeholders such as local households, the
energy cooperation and the municipality. This is allied to socially constructed perceptions of
technologies, such as considerations about their safety and reliability. Finally, indicator 13
describes the locality of the system, i.e. the extent to which local stakeholders - not (foreign)
project developers - invest in and benefit from energy produced locally. Local ownership was
found to be of high importance to the representatives of NFW, EKW and the KOL13 farmers.

Excluded criteria

Not all decision criteria mentioned by the stakeholder representatives were included in table
6.1. Some indicators were too complex to consider. An example of this is the total societal cost
that would need to be incurred to realize the energy system on KOL13. Fairly evaluating this
criterion would have required an elaborate social cost-benefit analysis (or similar evaluation
technique), that falls outside the scope of this thesis (see Appendix A). Additionally, the
inclusion of total societal costs in conjunction with the business case for farmers (criterion 1)
and total costs of grid reinforcement (criterion 4) would have resulted in double counting of
economic effects. Further, the inclusion of ‘total societal costs’ as a decision criterion would
require a common interpretation of this indicator that is agreed upon by all stakeholders. Since
‘societal costs’ is a compound variable consisting of many different cash flows, it was agreed
that this indicator would be left out of the analysis, and economic effects would be expressed
in less ambiguous terms (business case for farmers and total costs of grid reinforcements)
instead. Indicators including ‘public image of farmers’, ‘Energy Return on Investment’, and
‘geopolitical dependence’ were excluded from the decision framework on the basis of similar
arguments. Other indicators were omitted with motivations of redundancy. For instance, the
effect of the proposed solution on end-consumers’ energy bills was omitted because this effect
is directly related to investment costs for grid reinforcement. Similarly, the makeability of the
proposed solutions was omitted because this impact is already captured in the realisation time
of the project. Further, the criterion ‘impact on on-farm processes’ was omitted because the
technological options developed for KOL13 did not include energy management technologies
(see section 5). Excluding these criteria kept the decision set concise. With the development
of the technological options in section 5 and the formulation of decision criteria in this section,
much of the MCDA’s decision framework has been established. The next step is to assess the
options’ impact on KOL13’s electricity infrastructure, which is done in section 7.
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7 Power Flow Analysis

As mentioned in section 3, the MCDA is combined with a Power Flow Analysis (PFA) in
this study to assist the electrotechnical assessment of the different grid designs for KOL13.
Background information on PFA can be found in Appendix J. As mentioned, PFA establishes
steady-state voltage magnitudes, phase angles, and powe rflows in anetwork, and can therefore
be used to investigate the impact of each technological option on KOL13. As such, PFA can
inform system sizing, required grid reconfigurations, and expected realization times. Before the
PFA could be executed for KOL13, a base model was developed (see section 7.1). Subsequently,
the base model was used to assess the impact of each of the proposed grid designs in turn.

7.1 Base model in Vision

Before a PFA could be executed, a base model needed to be developed. The starting point of
this model was a single-line diagram of the service area of DS Bergum, which was discussed in
section 4.3 and Appendix B. The diagram contained all MV cables in the area, including their
respective MV/LV substations, and was retrieved from Alliander’s grid architects. Several
adaptations needed to be made to the diagram to make it functional for this research. The
original model contained several unspecified synchronous generators. Therefore, first, these
generators were identified as being either wind, solar or biogas installations using satellite
images of the area, after which they were replaced by their equivalent component models in
Vision7. 20 out of 25 unspecified generators could be identified and replaced, the rest was
retained.

Second, to realistically model voltage development in the area, all MV/LV transformers in the
single-line diagram were assigned a load profile. The load profiles were based on 2018 SCADA
data of rail voltages and currents in 15-minute increments, from which the apparent power
S per cable could be calculated. The SCADA data was cleaned by replacing outliers in the
data with the average value of S for that particular cable. Subsequently, the S profiles were
standardized, interpolated to 10-minute intervals using the nearest neighbour method, and
assigned to each MV/LV transformer on the respective MV cable. The SCADA data for eight
MV cables was missing, so their load profiles were retained. The method followed here assigned
the same load profile to each MV/LV substation on a cable. To account for the simultaneity
of loads, therefore, the diversity factor was taken into consideration in the base model. Each
MV/LV substation had a different diversity factor that was already embedded in the original
Vision model. Third, the voltage control scheme of the booster transformer at CS Buitenpost
was turned on (see section 4.3 and figure B.4). It was assumed that the transformer could
switch taps indefinitely, depending on local voltage levels.

The original single-line diagram contained many solar installations with pending SDE+ appli-
cations. The fourth step in the development of the base model was to remove these installations
from the grid diagram. The installations for which SDE+ had been granted were connected.
Fifth, the farm solar capacities given in table 4.1 were added to their respective MV/LV sub-
stations on KOL13, paying heed to roof orientation. Finally, all generation capacity in the
single-line diagram was assigned a weather profile on the basis of 2017 Leeuwarden weather
data. The data contained information about solar irradiation and wind speeds at different alti-
tudes (20m, 40m, 60m) in 10-minute intervals. The data was captured by the Royal Netherlands
Meteorological Institute (KNMI) and was made available for this study by Alliander.

7Vision has equivalent component models for solar and wind generation, as well as for batteries and (simple)
loads. As Vision does not have a component model for biogas plants, these were modelled as solar inverters
with a constant generation profile.
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7.2 Analytical conventions

After the development of the base model, several analytical conventions had to be set so that
each technological option could be evaluated fairly. First, ceteris paribus was assumed for the
service area of DS Bergum, i.e. it was assumed that the other MV cables in the network would
not be changed. Additionally, the integration of new loads such as electric vehicles (EVs) or
heat pumps was disregarded, as was projected load growth. Second, the voltage limits of 9.70
kV and 11.10 kV were observed in the analysis (see also Appendix A). Further, a loading level
of 100% was taken as the upper capacity limit of cables, transformers and other equipment in
the network.

In case these operational limits are violated in the PFA, the grid must be reinforced or recon-
figured. Although many options of grid reinforcement or reconfiguration can be considered,
four types were included in the analysis of KOL13. These four were chosen because they are
most frequently applied by Alliander when distribution grids must be reinforced (Jan Bozelie,
consultant electrical engineering at Alliander, personal conversation on 20-05-2019):

1. Cable doubling: a thicker cable is installed along (parts of) an existing cable’s trajec-
tory, see figure F.1. The installation of a thicker cable segment reduces the segment’s
impedance, hence reducing the voltage rise resulting from cable capacitance. In this
study, cable doubling was modelled by (partially) twinning a cable already present in the
base model.

2. Circuit extension is a grid reconfiguration strategy. Most distribution grids have a
meshed structure, in which interconnections between cable segments are abundant, cre-
ating current loops. In normal operation, the meshed MV system is operated radially by
switching normally open points (NOPs), which separate current loops into two or more
segments. One method of reconfiguring the grid is to change the location of the NOPs,
thereby tweaking the length of different cable segments which can help redistribute volt-
age in the loop (see figure F.2). In this study, circuit extension is modelled by opening or
closing connections between MV/LV substations. Whenever this strategy was applied,
care was taken that the voltage levels in the altered current loops did not exceed the 9.70
kV ≤ U ≤ 11.10 kV limits.

3. Leapfrogging: a new cable is connected between a substation and a MV/LV substation.
By connecting a new cable, a MV cable can be split into two parts, creating two current
loops instead of one (see figure F.3). This method is especially effective in cases where
voltage rise is concentrated in one cable segment. This strategy can be modelled by
opening a switch between two MV/LV substations on a cable and constructing a new
cable from the substation to the first MV/LV substation on the second cable segment.

4. Replacing booster transformer: the booster transformer that regulates voltages is
replaced by a new transformer to increase its capacity, number of taps, or both. Increasing
the number of taps extends the range of voltages that the booster transformer can control.

Apart from applying these grid reinforcement and reconfiguration options, it was assumed that
two other methods could be used for managing voltage and current (capacity) levels. First,
the application of a PQ-scheme can manage power flows in the network, raising or lowering
voltage levels accordingly. Second, the installation of storage technology can combat voltage
rises during peak times in a more targeted way than grid reinforcements. Power flow analyses
can be computed on any time scale, depending on the purposes of the study. Because of the
computational limitations of this research, however, it was impossible to execute a PFA for
a full year. It was assumed, therefore, that it sufficed to analyze a full day in summer (July
1) and winter (January 1) to get a realistic prognosis of voltage levels on KOL13. For some
technological options, it was necessary to compute voltage levels for all months of the year.
Care was taken that the load and generation profiles of the selected days were representative
of their respective months so that found voltage variations could safely be generalized.
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7.3 Analysis of technological options

Technological option 1: Business as Usual

As described in section 5, the Business as Usual option involves the installation of PV panels on
the farmers’ rooftops. Since there is no application of energy technologies beyond PV panels,
Business as Usual remains tied to the electricity sector and is not considered a smart energy
system. To model this option, all solar capacities given in table 4.1 were connected to their
respective MV/LV substation on KOL13, after which a power flow analysis was run for both
winter and summer operation. The results of this are given in figures 7.1, 7.2(a), and F.4, as
well as in table F.1. The Business as Usual option creates two distinct problems in the area.
First, as figures 7.1 and 7.2 demonstrate, the voltage levels resulting from Business as Usual
option far exceed the 11.1 kV threshold: in the worst case, they are pushed up beyond 12.0
kV. These voltage increases are not incidental: figure 7.2(a) shows how voltage levels are too
high for up to nine hours at a time in summer for MV/LV substation Stienfeksterwei 30 8. The
second problem created by the Business as Usual option is that the booster transformer at CS
Buitenpost is overloaded. Its capacity reaches a maximum of 116% in summer (see figure F.4).

Figure 7.1: Voltage levels in the service area of CS Buitenpost at 12:00 in summer (left-hand
side) and winter (right-hand side) in the BAU case. The areas in the figures are shaded
according to their voltage levels in % of nominal voltage (10.5 kV).

To solve both issues of overvoltage and transformer overloading, grid reinforcements will be
required. The four grid reinforcement options listed in section 7.2 were applied in turn. It was
found that none of the four reinforcement options could individually reduce both transformer
loading and system voltage levels (see table F.2). Instead, a combination of grid reinforcements
had to be found. To reduce transformer overloading, the 18 MVA booster transformer was re-
placed with a 24 MVA booster transformer with 14, instead of 11, taps. Additionally, KOL13
was leapfrogged, i.e. a new cable was connected between SS Kollum and MV/LV substation
Walddyk 7. By opening the switch between MV/LV substation Westeregen and MV/LV sub-
station Dellenswei, KOL13 was effectively cut in two, so that the two separate sections could
be fed individually from SS Kollum. This combination of solutions reduced maximum trans-
former loading in summer from 116% to 87%. In winter, no voltage levels beyond 11.1 kV were
recorded, and in summer, voltage peaks were reduced from 12.0 kV to 11.18 kV. Maximum
and minimum voltages for this reinforced situation are given in table F.3 in Appendix F.

8This MV/LV substation was chosen arbitrarily as the benchmark for the PFA, since it is the last MV/LV
substation on KOL13. Despite its position at the end of KOL13, MV/LV substation Stienfeksterwei 30 does
not necessarily have the highest recorded voltage on KOL13. For information on minimum and maximum
voltage levels on KOL13 Appendix F can be consulted
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Figure 7.2: Development of voltage levels on MV/LV substation Stienfeksterwei 30 in case of
(a) no grid reinforcement and (b) grid reinforcement for the BAU option. Figure (b) is the
result of the replacement of the booster transformer, the application of leapfrogging to MV/LV
substation Walddyk 7, and cable doubling from SS Kollum to MV/LV substation Westeregen.
The red line indicates the upper statutory limit of 11.1 kV that Alliander uses as a benchmark.

As table F.3 demonstrates, combining the replacement of the booster transformer with the
leapfrogging strategy was not enough to reduce voltages below the 11.1 kV level. Therefore,
an additional reinforcement option had to be considered. The leapfrogging strategy has cut
KOL13 in half: all MV/LV substation up to and including Westeregen are part of the first
half; MV/LV substation Dellenswei to Stienfeksterwei 30 are part of the second half. After
application of leapfrogging and the replacement of the booster transformer, the overvoltage
problems only occur on the first half of the cable. That means that a circuit extension of
KOL12 will not be of help, as it only connects to the second half of KOL13. Therefore, the
only option to further reduce KOL13 voltage levels is to twin the first half of the cable from
SS Kollum to MV/LV substation Westeregen. The application of this reinforcement strategy
is successful in reducing voltages in summer: the maximum reported voltage level becomes
11.02 kV (see table F.4). The effect of the application of all three grid reinforcement options
on MV/LV substation Stienfeksterwei 30 is given in figure 7.2(b). As the figure shows, the
voltage peak resulting from solar generation has effectively been pushed back below the 11.10
kV limit.

Technological option 2: DNO Toolkit

Model

The second technological option to be modelled was DNO Toolkit, which extends Business as
Usual by curtailing the PV panels to 70% and applying a PQ-scheme. Given the operational
definition of SES developed in section 2, DNO Toolkit is also not considered a smart energy
system. To model this option, the KOL13 solar inverter powers were set to 70% of nominal
panel capacities. A ratio of 70% was chosen in accordance with Alliander’s best practices for
curtailment, leading to a 3-5% production loss (Maarten van Blijderveen, energy consultant
at Qirion, personal conversation 04-04-2019). Curtailment allows production peak shaving,
limiting voltage level escalation in the afternoon. In addition to being curtailed, the PV
installations were equipped with both a Q(U) and a P(U) scheme. The Q(U) scheme controls
the amount of reactive power extracted from or injected into the grid as a function of voltage
level U . The injected or extracted volumes of reactive power were sized to be 50% of nominal
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inverter power. Whenever U peaked above 11.10 kV or dipped below 9.70 kV, the Q(U)
scheme was turned on. The P(U) scheme was applied to model limitations on the transport of
active power as a function of voltage level. The P(U) scheme was set up in such a way that,
during periods when voltage exceeded 11.3 kV, the solar installations would reduce their active
power production by 30%. Both Q(U) and P(U) schemes were designed in accordance with
Alliander’s best practices (Jan Bozelie, consultant electrical engineering at Alliander, personal
conversation 20-05-2019).

Figure 7.3: Voltage levels in the service area of CS Buitenpost at 12:00 in summer (left-hand
side) and winter (right-hand side) in the DNO Toolkit case without grid reinforcement. The
areas in the figures are shaded according to their voltage levels in % of nominal voltage (10.5
kV).

Results

The introduction of curtailment and the PQ-scheme significantly lowers voltage levels on
KOL13 compared to the Business as Usual option, in both winter and summer operation
(see figure 7.3 and table F.5). Comparing figures 7.2(a) and 7.4(a) demonstrates that the
combination of these schemes cuts voltage peaks from roughly 12.0 kV to 11.4 kV in summer.
In winter, the voltage problems at KOL13 are eliminated entirely. However, current loading of
the booster transformer at CS Buitenpost is still too high in summer at a maximum loading
of 109% (see figure F.5). Therefore, grid reinforcements are necessary for the DNO Toolkit
option as well. The four grid reinforcement options described in section 7.2 were again con-
sidered. All four options reduced voltage peaks compared to the unreinforced case, but only
the replacement of the booster transformer at CS Buitenpost simultaneously reduced voltage
levels and transformer overloading (see table F.6). Replacing the booster transformer with
a 24MVA, 14-tap model brought peak voltage levels in summer back to the 11.14 kV level,
while peak transformer loading was reduced to 84%. Since voltage levels were still too high,
the replacement of the booster transformer had to be combined with one of the other three
grid reinforcement options. Cable doubling, circuit extension and leap frogging all had the
desired effect. However, only circuit extension could pull voltages below the 11.1 kV threshold
without incurring additional costs for the installation of new assets. Therefore, for the DNO
Toolkit case, the replacement of the booster transformer was combined with circuit extension
of KOL12. To do so, the Normally Open Point (NOP) between KOL13 and KOL12 was closed,
and the switch between MV/LV substation Wouddijk 6 and Wouddijk 15 AFT was opened.
The combination of both measures led to peak voltages of 11.04 kV in summer (see figure
7.4(b) and table F.7). The combination of booster replacement and circuit extension in the
DNO Toolkit case results in roughly the same voltage levels as in the reinforced Business as
Usual option.
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Figure 7.4: Development of voltage levels on MV/LV substation Stienfeksterwei 30 in case of
(a) no grid reinforcement and (b) grid reinforcement for the DNO Toolkit option. Figure (b) is
the result of the replacement of the booster transformer and the application of KOL13 circuit
shortening. The red line indicates the upper statutory limit of 11.1 kV that Alliander uses as
a benchmark.

Technological option 3: Big Battery

Model

In the third technological option, small wind turbines and electric energy storage were con-
sidered in combination with PV. Although multiple technologies are operated in concerted
fashion to depress voltages, this option remains tied to single sector thinking and thus is not
considered to be a SES. To model the Big Battery option, the base model described in section
7.2 was adapted in three ways. First, the solar panels installed on the farmers’ rooftops were
curtailed to 70%, as in technological option 2. Second, one small wind turbine (P = 15 kW,
cosφ = 0.98) was installed on each farm. The wind turbines were modelled as synchronous
generators, assuming the turbines do not respond to frequency variations in the network. The
wind turbines were coupled to the Leeuwarden wind profile for an altitude of 20m, assuming a
shaft height of roughly 15m and a rotor diameter of 12m. The cut-in wind speed was set to 0
m/s; the cut-out speed to 14 m/s.

Third, a battery with a total capacity of 6 MWh was installed on MV/LV substation Wouddijk
13. It was assumed that the battery would be installed on the land of one of the farmers
connected to KOL13 - preferably towards the end of the cable to combat voltage rise along
its length. As such, MV/LV substation Wouddijk 13 was chosen, as it is the last MV/LV
substation on KOL13 that connects a participating farmer. It was assumed that the battery is
used in this option to provide grid stabilization services, i.e. it is charged and discharged with
the aim of de-escalating voltage levels on KOL13. If the battery would instead be used as a
means to trade on day-ahead or flexibility markets, the voltage levels on KOL13 would have to
be curbed with other mechanisms, such as a transport limitation on produced electricity. To
make sure the battery can reduce voltage levels below 11.1 kV, its energy content was chosen
in such a way that, in summer, the total production peak of the solar panels can be stored in
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the battery. The battery was assumed to operate with constant power (P = 1.5 MW, inverter
power 1.5 MW). A (dis)charge profile was assigned to the battery on a per-month basis, using
levels of solar irradiation as a cue to turn on or off. This is shown graphically for every month
of the year in figure F.6 in appendix F. The initial State of Charge (SoC) of the battery was
set to 0%, and the charging rate to 0.5/h. The (dis)charge efficiency was set to 70%.

Results

When the battery is operated conform the profiles given in figure F.6, the maximum voltage
levels on KOL13 are lowered considerably compared to the Business as Usual and DNO Toolkit
cases (see figure 7.5 and figure 7.6(a)). In winter operation, overvoltage problems are entirely
mitigated - voltages only exceed the 11.1 kV limit in July, August, September and October.
However, in winter, operation of the battery pulls voltages below the 9.7 kV threshold. The
maximum reported voltage is 11.19 kV, the minimum is 9.62 kV (see tables F.8 and F.9).
As table F.8 shows, the capacity limits of the booster transformer at CS Buitenpost are not
exceeded.

Figure 7.5: Voltage levels in the service area of CS Buitenpost at 12:00 in summer (left-hand
side) and winter (right-hand side) in the Big Battery case without grid reinforcement. The
areas in the figures are shaded according to their voltage levels in % of nominal voltage (10.5
kV).

To get system voltages between the 9.7 kV and 11.1 kV level for all months of the year, a Q(U)
scheme was applied to the solar panels in the model. As in the DNO Toolkit case, the injected
or extracted volumes of reactive power were sized to be 50% of nominal inverter power. Figure
7.6(b) and tables F.8 and F.9 demonstrate that this scheme is effective - maximum reported
voltage becomes 11.05 kV and minimum reported voltage 9.72 kV. In this case, too, the capacity
limits of the CS Buitenpost booster are not exceeded. Hence, no grid reinforcement is necessary
in case the Q(U) scheme is applied.

The preceding has demonstrated that the installation of a 6MWh battery is effective in mitigat-
ing voltage levels on KOL13 without requiring grid reinforcements. However, the application
of the battery as a grid support technology requires careful fine-tuning. The charge and dis-
charge times of the battery must be coordinated with the timing of the solar peak. Starting
charging too soon can lead to voltage collapse (with voltages dipping to levels as low as 9.2
kV in winter), whereas starting discharge too soon can lead to severe overvoltage (11.5 kV
in summer). Operation of the battery thus requires high-resolution meteorological data and
forecasting.
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Figure 7.6: Development of voltage levels on MV/LV substation Stienfeksterwei 30 (a) in case
the battery is installed without the Q(U) scheme, and (b) in case a Q(U) scheme is applied.
The red line indicates the upper statutory limit of 11.1 kV; the blue line the lower statutory
limit of 9.7 kV.

Technological option 4: Thermal Conversion

Model

The fourth technological option considered for KOL13 strays away from single-sector thinking
about electricity systems: it includes thermal conversion to reduce voltage peaks on the cable.
In this option, several energy technologies are operated in concerted fashion to maximize
renewable production on KOL13, and, as such, it fits the operational definition of SES given
in section 2. This technological option relies on the use of large ground-source heat pumps
that convert solar electricity to low temperature heat (25°C), which can be used to charge an
Aquifer Thermal Energy Storage (ATES) in summer. In winter, the heat pumps are used to
upgrade this heat to the ∼ 70°C level, which can be fed into a heat grid extending between the
villages of Kollum and Oudwoude to cover household room heating and tap water demands9.

The process by which heat pumps transform low-temperature media to high-temperature media
(or vice versa) consists of four distinct stages: evaporation, condensation, compression and
expansion, following the Carnot cycle. The stage that draws electrical power is the compression
step, in which low temperature, low pressure gas is converted to high temperature, high pressure
gas (Zondag, 2017; R. Wang, Xu, & Ge, 2016). The compressor cannot operate continuously -
instead, it operates in so-called duty cycles. Duty cycles generally consists of two phases: one
in which the compressor draws high electrical power (typically 60-90% of rated active power,
depending on the time of year); and one in which the compressor draws low power (typically
roughly 10% of rated power) during which the apparatus can defrost (Akmal, Fox, Morrow, &

9In this technological option, it was assumed that the heat pumps would only be used to supply heat to
end-consumers by means of a heat grid. The installation of heat pumps also opens up the possibility of providing
cooling services in summer. This aspect of the technological option was left out in this analysis because the
households in Kollum and Oudwoude are currently not equipped with cooling installations: to make use of the
available cooling effectively, their houses would likely need to be adapted.
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Littler, 2014; Piechurski, Szulgowska-Zgrzywa, & Denielewicz, 2017). The duty cycles can last
anywhere between 50 minutes and 5 hours (Akmal et al., 2014; Piechurski et al., 2017; Diaz
de Cerio Mendaza, Bak-Jensen, & Chen, 2013). The ratio between thermal power output and
electrical power drawn by the compressors - the Coefficient of Performance (COP) - is typically
between 3.0 and 4.0 for large heat pumps (Love et al., 2017; Bagdanavicius & Jenkins, 2013;
Akmal et al., 2014; Piechurski et al., 2017). However, the lengthier the compressor duty cycle
becomes, the lower the COP of the system will be (Piechurski et al., 2017).

Heat pumps can have large impacts on electricity systems. First, the heat pump duty cycles
cause large variations in electric power demand, which in turn can cause significant voltage
variations (Akmal et al., 2014; Bagdanavicius & Jenkins, 2013). Second, because compressor
motors have an inductive character (reaching phase angles between 20-25°), heat pumps are
capable of depressing local voltages, making the integration of renewables easier (Love et al.,
2017; Diaz de Cerio Mendaza et al., 2013; Akmal et al., 2014). It is this latter quality that
makes the use of heat pumps interesting for the KOL13 case.

To model this technological option, first, 2450 kWp of solar capacity was connected to cable
KOL13. Like in technological options 2 and 3, the solar panels were curtailed to 70%, reducing
their production output by about 3-5%. Second, two large heat pumps with a joint thermal
capacity of 10 MWth were connected to the cable. The thermal sizing of the system was chosen
on the basis of other European projects with similar scales (European Heat Pump Association,
n.d.). The heat pumps were modelled in Vision as simple electrical loads. The first heat
pump (connected to MV/LV substation De Anjen T/O 75 ) was sized to draw 1.1 MWe active
power, and 0.51 MVAr reactive power (Akmal et al., 2014; Diaz de Cerio Mendaza et al., 2013).
The two compressors of the second heat pump were modelled to jointly draw 2.4 MWe and
1.12 MVAr. This heat pump was installed on MV/LV substation De Wygeast 37. De Anjen
T/O 75 and De Wygeast 37 were chosen because they are the MV/LV substations closest to
the village centres of Kollum and Oudwoude, respectively. Installing the heat pumps close to
the village centres makes it easier to distribute high-temperature heat to the household loads,
reducing thermal losses. It was assumed that the heat pumps could feed the same heat grid
and (dis)charge the same ATES, following the assumption of infinite heat infrastructure (see
section A). It was assumed that the power drawn by the heat grid circulation pumps was
negligible (Liu, Wu, Jenkins, & Bagdanavicius, 2016).

All three heat pump compressors were assigned a duty cycle profile with a length of 60 minutes
(Akmal et al., 2014; Piechurski et al., 2017). In each duty cycle, the compressor was assumed to
operate at high power (90% of nominal) for 40 minutes, converting low temperature incoming
gas to high temperature exhaust gas. During the remaining 20 minutes, the compressor was
assumed to draw 10% nominal electric power (see figure F.7). This cycle mimics the compressor
operating cycle described in Akmal et al. (2014) and Piechurski et al. (2017). Based on this
scaling of the heat pump system, the achieved COP is 2.9, which is realistic considering the
fact that, in this study, the duty cycle is extended somewhat compared to values found in
literature (Piechurski et al., 2017). Additionally, adopting a relatively conservative COP can
partially account for the heat loss in the system, that was left outside the scope of the study
(see section A). It was assumed that the duty cycles of the three compressors were coordinated
in such a way that they overlapped, stabilizing aggregated heat pump power demand. This
approach of time-shifting heat pump operating cycles is described in the literature as helping
to stabilize local voltage levels (Bagdanavicius & Jenkins, 2013), and is required to consistently
depress voltage levels on KOL13 during sunny spells. It was assumed that the duty cycles were
time-shifted 20 minutes relative to one another. This is graphically shown in figure F.7, which
can be found in Appendix F.

For every day of the year, the timing of the duty cycles is dependent on household heat demand
and solar irradiation. The aggregated household heat demand for Kollum and Oudwoude was
assumed to be the same as the demand described in Love et al. (2017) and Diaz de Cerio
Mendaza et al. (2013), with two peaks occurring at 08:00 and 18:00 (see figure F.8). In spring
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and summer, the heat demand was assumed to be zero, and heat pump operation was made
dependent only on solar irradiation. In autumn and winter, the heat pumps were turned on in
accordance with the heat demand peaks as well as the solar peak. This is shown for January
and July in figure F.8. By operating the heat pumps in this manner, they can be used both for
the delivery of thermal energy, as well as to support grid operation.

Results

The introduction of the heat pumps significantly lowers voltage levels on KOL13 compared to
the Business as Usual case, both in summer and in winter operation. This is illustrated in
figure 7.7, as well as in tables F.10 and F.11. In winter, voltage levels are reduced to below
the 9.7 kV limit, with a minimum of 9.41 kV reported in January. In summer, voltages rise
above the 11.1 kV level, reaching a maximum of 11.30 kV. This is demonstrated for MV/LV
substation Stienfeksterwei 30 in figure 7.8(a). In this option, capacity constraints on the
booster transformer are respected in each month of the year. However, another problem
occurs: the cable segment between MV/LV substation De Anjen T/O 75 and De Wygeast 37
becomes overloaded to a maximum level of 152% in winter (see table F.10). Therefore, to curb
voltage extremes and reduce cable loading, grid reinforcement needs to be considered.

Figure 7.7: Voltage levels in the service area of CS Buitenpost at 12:00 in summer (left-hand
side) and winter (right-hand side) in the Thermal Conversion case without grid reinforcement.
The areas in the figures are shaded according to their voltage levels in % of nominal voltage
(10.5 kV).

To reduce cable loading, the cable segment between MV/LV substation De Anjen T/O 75 and
De Wygeast 37 was doubled. The effect of this is shown in figure 7.8(b). Additionally, a Q(U)
scheme was applied to the PV inverters connected to the cable. As in the DNO Toolkit and Big
Battery case, within the Q(U) scheme, the injected or extracted volumes of reactive power were
sized to be 50% of nominal PV inverter power. The results of the application of both measures
is given in tables F.11 and F.10. As given in these tables, the combination of cable doubling
and the Q(U) scheme is successful in curbing voltage extremes (9.77 kV ≤ UKOL13 ≤ 11.02
kV), The effect is shown graphically in figure 7.8(c) for MV/LV substation Stienfeksterwei 30.
Cable capacity problems are also negated using this approach. The preceding demonstrates
that the farm-level solar panels can be installed on KOL13 in case heat pumps are applied in
concatenation with a Q(U) scheme and cable doubling of a small cable segment. As in the
case of the Big Battery option, the heat pump operation must be carefully coordinated not
only with the solar peak, but also with local heat demand. Therefore, to achieve superior heat
pump operation, high-resolution ambient temperature and household heat demand data would
be required.

46



0 5 10 15 20

Time of day (h)

9.5

10

10.5

11

11.5

12

12.5
(a)

Summer operation

Winter operation

0 5 10 15 20

Time of day (h)

9.5

10

10.5

11

11.5

12

12.5
(b)

Summer operation

Winter operation

0 5 10 15 20

Time of day (h)

9.5

10

10.5

11

11.5

12

12.5
(c)

Summer operation

Winter operation

Figure 7.8: Development of voltage levels on MV/LV substation Stienfeksterwei 30 (a) in case
of no grid reinforcement, (b) in case of grid reinforcement (cable twinning between MV/LV
substation De Wygeast 37 en De Anjen T/O), and (c) in case of grid reinforcement and the
application of a Q(U) scheme. The red line indicates the upper statutory limit of 11.1 kV; the
blue line the lower statutory limit of 9.7 kV.

Technological option 5: Hydrogen production

Model

The final technological option for KOL13 centres around the production of hydrogen and
heat. Since multiple energy conversion and storage technologies spanning multiple energy
sectors are operated simultaneously, the Hydrogen Production option is seen as a SES. In this
option, the PV panels that featured in options 1-4 are replaced by solar-thermal (PVT) panels,
that generate both electricity and heat. Additionally, a large (1MW) wind turbine generates
electricity with a capacity factor that is large enough to power a 2MW electrolysis plant. In
the plant, an electrical current is passed through water to produce hydrogen and oxygen gas
(Hovsapian, 2017; Pascuzzi, Anifantis, Blanco, & Mugnozza, 2016; Mazloomi, Sulaiman, &
Moayedi, 2012). The conversion of electricity into hydrogen has an efficiency of roughly 70%
- the remaining 30% is released as waste heat that can be stored or used directly to meet
household heat demand (Pascuzzi et al., 2016; Mazloomi et al., 2012; Schmidt et al., 2017).
In this technological option, the waste heat from the electrolysis plant is stored directly in
an ATES using a heat exchanger, together with the heat generated from the PVT panels
(van Helden, van Zolingen, & Zondag, 2004; Sommerfeldt & Madani, 2016). The heat that is
stored is of low temperature, roughly 25-30°C (de Keizer et al., 2015; van Helden et al., 2004;
Mazloomi et al., 2012). In winter, this heat can be extracted from the ATES and converted
to a high temperature (∼ 70°C) by means of heat pumps. The high-temperature heat can be
circulated through a heat grid extending along the length of KOL13, and can be used for room
and tap water heating in the homes of Kollum and Oudwoude.

To model this option in Vision, several adaptations were made to the base model. First, a 1MW
wind turbine with cos φ of 0.98 was connected to MV/LV substation Allemawei bij 9. The
turbine was coupled to 10-minute wind data at ∼60 metres altitude for the Leeuwarden region.
Its cut-in and cut-out wind speeds were set to 0 m/s and 14 m/s respectively. For the connection
of the turbine, a MV/LV substation close to the villages of Kollum and Oudwoude was sought
to promote local ownership (‘dorpsmolen’). MV/LV substation Allemawei bij 9 is close to both
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village centres and does not connect any farm-based PV array, which means enough capacity is
available on its transformer to accommodate the turbine. Second, the electrolyzer was modelled
as a simple load having 2MW rated active power. Electrolyzers are typically grid-connected
by means of an inverter, which means they can provide voltage-regulating services by changing
the reactive power drawn from or injected into the grid (Chiesa, Kongstein, & Korpas, 2011;
Hovsapian, 2017). Typically, electrolyzers have a cos φ of 0.85. In this study, the electrolyzer
reactive power was set to 1.24 MVar. Electrolyzers are flexible devices that can be ramped up
and down quickly (response time ∼ 30s) and can have a variable power output between 20 and
100% of rated power (Pascuzzi et al., 2016; Hovsapian, 2017). The electrolyzer was installed
close to the village centres of Kollum and Oudwoude. To minimize power losses on the line, it
was installed on the same MV/LV substation as the wind turbine, Allemawei bij 9.

To simulate the effect of the electrolyzer on the grid, an operational profile had to be developed
for it. Electrolyzers can generally be operated in one of two ways: in ‘classic’ operation,
the power output of the electrolyzer is constant over time scales of several hours; in ‘smart’
operation, the electrolyzer’s converter is used to vary the power output with a much higher
temporal resolution, so that the power drawn by the electrolyzer follows renewable generation
profiles (Chiesa et al., 2011; Pascuzzi et al., 2016). In this research, ‘classic’ operation mode was
chosen so as to be able to match electrolyzer operation to heat pump operation more easily. The
electrolyzer was turned on whenever wind speeds exceeded 5 m/s or solar production started
rising in the late morning. When no renewable generation was available, the electrolyzer was
turned off. Because solar irradiation is much lower in winter than in summer, electrolyzer
power was varied between the months. In July and August, it was assumed the electrolyzer
draws 100% of nominal power (2MW), whilst in January, its power consumption was set to
50% of nominal power. The operation profile for the electrolyzer for a day in January and July
are given in figure F.9. The electrolyzer powers for all months of the year are taken up in table
F.12. In this technological option, it was assumed that nothing happens with the produced
hydrogen gas on-site, i.e. it is produced and stored on KOL13 but not consumed.

Figure 7.9: Voltage levels in the service area of CS Buitenpost at 12:00 in summer (left-hand
side) and winter (right-hand side) in the hydrogen production case. The areas in the figures
are shaded according to their voltage levels in % of nominal voltage (10.5 kV).

Third, two heat pumps were installed on the MV/LV substation De Anjen T/O 75 and De
Wygeast 37. They had a joint capacity of 3.5 MW (1.63 MVar), and were operated using
the duty cycles given in figure F.7. The heat pumps were modelled in exactly the same way
as in technological option 4, but operated differently. In this option, the heat pumps are
idle in summer, because the heat produced by the PVT panels and in electrolysis is stored
directly into the ATES by means of a heat exchanger. In winter, the heat pumps are used
to boost the temperature of the heat from 25-30°C to ∼70°C, after which it can be circulated
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through the heat grid. Like in technological option 4, the power consumption of the heat grid
circulation pumps is negligible (Liu et al., 2016). The heat pumps were assigned an operation
profile dependent on household heat demand (based on Love et al. (2017), see F.9(a)) and
electrolyzer operation. When the electrolyzer is on, it produces waste heat that must be
converted to high-grade heat directly in winter. To account for the response time of the heat
pumps, the heat pump profile was lagged 30 minutes behind electrolyzer operation. The heat
pump profile is given in figure F.9.

Results

Power flow analyses were run for the condition where the wind turbine, electrolyzer and heat
pumps were connected to KOL13. As figures 7.9 and 7.10(a) and tables F.13 and F.14 demon-
strate, in winter, all voltage problems are eradicated. The lowest registered voltage is 9.78
kV, whilst voltage levels peak at 11.09 kV. The booster transformers at CS Buitenpost are not
overloaded, reaching a maximum level of 95% in October. In summer, however, voltage prob-
lems are excessive, with maximum voltage levels reaching 11.60 kV. The overvoltage issues are
not contained to one cable segment; rather, each MV/LV substation on KOL13 is experiencing
voltage levels exceeding 11.2 kV. Booster overloading occurs in July, August and September
(maximum 106%).
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Figure 7.10: Development of voltage levels on MV/LV substation Stienfeksterwei 30 (a) in
case of no grid reinforcement, (b) in case of grid reinforcement with 5MWh batteries, and (c)
in case of grid reinforcement and the application of a Q(U) scheme. The red line indicates the
upper statutory limit of 11.1 kV; the blue line the lower statutory limit of 9.7 kV.

The overvoltage and capacity problems are caused by the fact that, in summer, the heat
pumps are idle. As such, not enough load is connected to KOL13 to balance the generation
peak resulting from the PVT panels and wind turbines. To solve this problem, several avenues
could be considered. First, the grid could be reinforced following a similar approach as in the
Business as Usual case. However, this is likely to be quite expensive, especially considering
the fact that voltage and capacity issues only occur in summer. A second route would be to
install batteries in which the excess production could be stored. As in the Big Battery scenario,
these batteries would not be used to trade on intra-day markets, but rather would provide grid
stabilization services. In this study, the second route was selected. To combat voltage rise in
summer, two similar batteries with a joint energy content of 5 MWh (nominal power 1.25 MW,
inverter power 1.25 MW) were installed. The batteries were assigned an initial SoC of 0%,
and were assumed to have a 70% (dis)charge efficiency. Since the overvoltage problems in this
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option are not contained to one cable segment (see table F.14), one battery was installed at
the middle of the cable (MV/LV substation De Wygeast bij 61 ) and one at the end of the cable
(MV/LV substation Walddyk 5 ). The batteries were assigned an operating profile following the
solar irradiation curve (see figure F.9): they were set to charge during the middle of the day,
whilst they discharged during the evening and night. The addition of the batteries pushed back
voltage levels from 11.60 kV maximum to 11.18 kV maximum in summer (see figure 7.10(b)).
The capacity of the booster transformer was pushed back too, to a maximum of 100% in July.
However, voltage levels were still exceeding the 11.1 kV limit, and therefore, a Q(U) scheme
similar to the one in technological options 2-4 was applied. This addition was successful in
combatting the voltage problems: voltage levels peaked at 11.07 kV in September (see figure
7.10(c) and tables F.14 and F.13), and booster transformer loading did not exceed 100%. As
such, this section has demonstrated how the integration of the heat, electricity and hydrogen
sectors can solve voltage and capacity problems and simultaneously forego grid reinforcements
in the KOL13 case. As in technological options 3 and 4, in this option, the heat pumps,
electrolyzer, and batteries must be carefully coordinated to match heat and electricity demand
and generation profiles. Again, to operate this cluster of technologies, high resolution weather
data are required.

In this section, PFA was used to translate the conceptual energy system designs for KOL13 to
more concrete configurations of energy technologies capable of integrating renewable generation
without causing voltage and capacity issues. As such, the PFA informed required system sizing
and grid reinforcement. Table 7.1 summarizes the key findings of the PFA by listing the grid
reinforcements and energy (management) technologies required to bring the voltage levels
within operational boundaries for each technological option considered for KOL13. In the next
step of the MCDA, the outputs of the PFA are used to assess each of the technological options
along the 13 decision criteria developed in section 6.

1 2 3 4 5
Business DNO Big Thermal Hydrogen
as Usual Toolkit Battery Conversion Production

Cable doubling
Circuit extension
Leapfrogging
Replacement booster transformer
Q(U) scheme
Grid storage (Li-ion)

Table 7.1: Grid reinforcements and energy (management) technologies required to bring voltage
levels within operational boundaries for each of the five technological options.
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8 Development of the performance matrix

In the first four steps of the MCDA, key information was gathered about the decision-making
context surrounding KOL13. Additionally, five first-order energy system designs (‘technological
options’) were developed for KOL13, after which their expected electro-technical performance
was assessed. In the fifth step of the MCDA, this information is used to establish a performance
matrix, which is a tabular overview of the scores of each technological option on the thirteen
decision criteria established in section 6. To develop the performance matrix for KOL13, all
five technological options were assigned a score on all thirteen decision criteria. Some scores
were quantitative, whereas other scores were assigned on a qualitative scale. Key data from the
PFA, such as required grid reinforcements and operational profiles of the energy technologies,
were used for this assessment. This information was combined with the estimate of total energy
demand in the KOL13 area (section 4.3) to evaluate total renewable energy production, climate
impacts, agricultural land use and realization time for each of the technological options.

Criterion 1 2 3 4 5
Business DNO Big Thermal Hydrogen
as Usual Toolkit Battery Conversion Production

Business case farmers 11 11 24 13 13
(payback period, years)

Renewable energy production 3.5% 3.3% 4.3% 38.4% 26.6%
(% of total demand)

Infrastructure costs e3,016,000 e500,000 e0 e21,750,000 e20,965,000

Realisation time (years) 2.2 2.2 1 5 10a

Climate impact farmers 13.0% 13.0% 13.0% 13.0% 23.0%
(% reduction CO2-eq)

Climate impact surrounding 6.1% 6.1% 6.1% 20.1% 6.3%
area (% reduction CO2-eq)

Agricultural land use (m2) 0 0 115 100 230

Visual impact 1 1 3 2 5

Institutional fit with
Regionale Energiestrategie −−− −−− − ++ +++
(RES)

Ease of adoption +++ +++ − + −−−

Fairness −−− −−− −− ++ +

Social acceptance ++ +++ − − −−−

Local ownership −−− −−− −−− + +++

Table 8.1: Performance matrix indexing the criteria scores for all five technological options
considered for KOL13

aFor the technological options 1-4, the realisation time truly reflects the required time to install the energy
technologies considered for KOL13. However, in the Hydrogen Production option, the realisation time also
reflects the expected time required for the maturation of electrolysis technology. Because of the uncertainty
underlying technological maturation, the Hydrogen Production option might lose its appeal in the application
of the KOL13 case.
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Using data on energy prices, subsidy support per kWh, feed-in fees and asset costs, total grid
reinforcement costs and the business case for farmers could be evaluated. The qualitative
criteria were evaluated using knowledge on the RES scheme (section 4.1) and social acceptance
of energy technologies. The combination of this information resulted in the performance matrix
given in table 8.1. Appendix G describes in detail how the quantitative and qualitative scores
in the matrix have come about. Table G.1 lists several key figures and assumptions that were
used in the establishment of the performance matrix.

The performance matrix gives an indication of the trade-offs that must be made in the KOL13
case study. For instance, the Business as Usual option is relatively easy to adopt and has an
advantageous business case for farmers, but this comes at a cost of relatively low renewable
energy production and climate impact.In contrast, the Big Battery option requires no grid
reinforcement expenditures and has a short realization time, but this comes at a cost of a
poor business case for farmers and small climate impacts. The performance matrix shows
that the two SES options - Thermal Conversion and Hydrogen Production - score better on
the criteria renewable energy production, climate impact, and institutional fit with the RES
scheme than the three non-SES options. However, they score more poorly on criteria such as
business case, realisation time and total infrastructure costs. To choose an energy system for
KOL13, the tradeoffs in the performance matrix must be quantified and fairly compared. This
is done by determining the relative importance of the decision criteria considered in the study
in a process called weighting. Section 9 discusses this weighting process and establishes the
weighting factors used in the rest of the MCDA.
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9 Determination of weighting factors

Weighting is an important step in the decision-making process, because it determines the rela-
tive importance of the decision criteria chosen for the MCDA (Roszkowska, 2013; J.-J. Wang,
Jing, Zhang, & Zhao, 2009; Sureeyatanapas, 2016). In the process of weighting, often key
tradeoffs between technological options bcome clear. In this study, a participative approach
to weighting was taken, where involved stkaeholders could express criterion preferences in a
workshop. This section reflects on this workshop and its outcomes.

Weighting is not a clear-cut process: there are myriad ways to establish weighting factors for
MCDA, including rank-based methods, rating methods, and best-worst scaling (van Til et al.,
2014; Figueira & Roy, 2002; Sureeyatanapas, 2016; R. Wang et al., 2016; Roszkowska, 2013;
Scolobig & Lilliestam, 2016). For this study, a participative rank-based weighting method was
chosen. As mentioned in section 3, rank-based methods typically place less temporal and cog-
nitive demands on participants than other weighting methods, because they allow participants
to assign criterion ranks rather than numerical weights (Roszkowska, 2013; Sureeyatanapas,
2016). Further, it allows decision-makign even if participants do not have full knowledge of
the decision to be made. As such, a rank-based method is well-tailored to the KOL13 case.

The weighting factors for the KOL13 were elicited by means of a workshop that was led and
moderated by the researcher. The workshop was held on June 13 2019, and was attended by 17
participants representing seven out of nine high-priority stakeholder groups. Five local farmers
attended, as well as 2 representatives from LTO Noord, 4 representatives from NFW,and 1
representative from EKW. Additionally, Alliander was represented by 3 participants, and the
municipality NOF and Provinsje Fryslân both sent 1 representative. Representatives of the
local community group Doarpsbelang Aldwâld were invited to join the workshop, but did not
attend. In prior stakeholder consultations, it had become clear that most of these stakeholder
groups disagreed about the relative importance of the MCDA criteria. To build consensus
about the weighting factors, an adapted Delphi approach was taken in the workshop (Awad-
Núñez & González Cancelas, 2014; Pulipati & Mattingly, 2013; Rowe & Wright, 2001).

Criterion Weight Criterion Weight
Total renewable production 12 Fairness 7
Institutional fit RES 11 Local ownership 7
Business case farmers 10 Climate impact surroundings 7
Social acceptance 10 Agricultural land use 6
Ease of adoption 8 Costs of grid reinforcement 4
Climate impact farms 7 Visual impact 4
Realisation time 7

Table 9.1: Group weighting factors

In the first step of the workshop, the participants were asked to provide an individual rank
of the thirteen decision criteria elucidated in section 6 by filling in a worksheet. Next, the
individual contributions were collected and aggregated (averaged) to a group score using the
centroid weights technique (see equation 4 in section 3). In this process, each criterion was
assigned a numerical weight out of 100, so that the sum of the criteria weights totalled 100. The
centroid weights technique was chosen because of its ability to produce more accurate and stable
weights than other mathematical procedures that convert ordinal (rank) data to numerical
data (Roszkowska, 2013; Olson & Dorai, 1992; Sureeyatanapas, 2016). The derived group
result was communicated back to the participants, after which they could discuss outcomes.
The researcher guided discussion by asking questions about the criteria order, as well as the
steepness of the weight distribution. The weighting factors resulting from round 1 are given
in figure H.1. Following the Delphi method described in Rowe & Wright (2001), the sequence
of activities was repeated in a second round, i.e. the participants were asked to again supply
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individual criterion ranks that were aggregated and discussed. The second round had the aim
of building consensus among participants. The round 2 weighting factors are given in table 9.1
and figure H.2.

In the first round, the three indicators that were valued most important were institutional fit
within the RES framework, the business case for farmers, and total renewable energy produc-
tion, respectively. Most environmental and social indicators were valued as being less impor-
tant, with visual impact, local ownership and agricultural land use scoring lowest. Overall,
however, the distribution of weights was rather flat, with the differences in individually assigned
weights disappearing upon their aggregation to a group score. The discussion that ensued af-
ter the first round centered mainly around the importance of social indicators (acceptance,
fairness and local ownership) in achieving broader sustainability policy goals. Additionally,
the definitions of agricultural land use and realisation time were debated, which resulted in
consensus about the meaning of these terms.

This discussion led to slightly different weighting factors in the second round. Compared
to the results from the first round, local ownership and agricultural land use moved up in
importance, as did social acceptance. The four indicators that were indicated to be most
important by the group were total renewable energy production (weight 12), institutional
fit in the RES scheme (11), the business case for farmers (10) and social acceptance (10).
Least important were agricultural land use, costs of grid reinforcement, and visual impact.
Compared to round 1, the weight distribution for the 13 criteria became even flatter. To
better understand the differences in attitutdes between involved stakeholders, the round 2
group weighting factors were disaggregated into four separate sets representing the interests of
four distinct stakeholder groups: 1) farmers and agrarian cluster organizations; 2) grid operator;
3) local government; and 4) civil society groups (see figure H.3). As expected, the farmers and
their cluster organizations prioritized the business case of farmers, the climate impacts of farms
and agricultural land use as most important indicators. The representatives from Alliander
prioritized social parameters (fairness and social acceptance) as well as the realisation time
of the solution. Local government representatives found total renewable generation, as well
as institutional fit within the RES scheme, most important. Finally, the representative from
energy cooperation EKW found social indicators - ease of adoption, social acceptance and local
ownership - most important whilst environmental indicators were considered unimportant.
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10 Assessment of technological options

In step 5 and 6 of the MCDA, the performance matrix and weighting factors for the KOL13
case were established. With these inputs, the overall score of each of the five technological
options for KOL13 can be calculated. To do so, a linear additive model is adopted, which
aims to compute total overall optionscore by linearly summing standardized and weighted
option scores (see also section 3). The linear additive model assigns the total option score in
three steps: (1) the standardization of quantitative data; (2) the calculation of quantitative and
qualitative dominance scores and (3) the computation of overall dominance scores (Roszkowska,
2013; Y. Wang et al., 2018; Duffy et al., 2015). Sections 10.1-10.3 reflect on each of these steps
in turn. Next, the overall outcomes of the MCDA for KOL13 are presented in section 10.3.

10.1 Standardization of Quantitative Data

The first step in the linear additive method is to standardieze the quantitative data in the per-
formance matrix to a scale ranging from 0 to 1. The performance matrix contains quantitative
information with different units, such as % (reduction of climate impacts, total renewable pro-
duction), and years (payback period, realization time). In order to fairly compare the different
indicator scores, standardization must take place following

aki,std =
aki − ak,min

ak,max − ak,min
(5)

where aki,std is the standardized score of technological option i for criterion k, aki is the option
score of option i for criterion k in the performance matrix, and ak,min and ak,max are the lowest
and highest reported scores in the performance matrix for criterion k, respectively. Equation
(5) can only be used for criteria with a positive direction, i.e. criteria for which higher scores
result in better outcomes for KOL13. Criteria with negative directions must be standardized
using

aki,std = 1− aki − ak,min
ak,max − ak,min

(6)

The outcomes of the standardization step for the quantitative indicators are given in table
10.1. Qualitative data cannot be standardized because they are unitless.

Criterion 1 2 3 4 5
Business DNO Big Thermal Hydrogen
as Usual Toolkit Battery Conversion Production

Business case farmers 1.00 1.00 0.00 0.77 0.85
(payback period, years)
Renewable energy production 0.01 0.00 0.03 1.00 0.66
(% of total demand)
Infrastructure costs 0.86 0.98 1.00 0.09 0.00
Realisation time (years) 0.87 0.87 1.00 0.56 0.00
Climate impact farmers 0.00 0.00 0.00 0.00 1.00
(% reduction CO2-eq)
Climate impact surrounding 0.00 0.00 0.00 1.00 0.01
area (% reduction CO2-eq)
Agricultural land use (m2) 1.00 1.00 0.50 0.57 0.00

Table 10.1: Standardized scores for the quantitative criteria in the KOL13 case.
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10.2 Quantitative and Qualitative Dominance Scores

As mentioned, the aim of the linear additive model is to establish the overall option Si for all
five technological options. To do so, first, the dominance score Sij must be calculated, which
is an indication of the extent to which option i performs better or worse than option j. Sij is a
linear combination of the quantitative dominance score (dij) and qualitative dominance score
(δij) for each combination of options ij (i 6= j). If the dominance score Sij is positive, option i
performs better than j; a negative score indicates option j scores better. The absolute value of
Sij is a measure of the extent to which option i out- or underperforms option j. In the second
step of the linear additive model, the quantitative and qualitative dominance scores dij and
δij are established.

In the computational of quantitative and qualitative dominance scores, ordinal data in the
performance matrix cannot be treated similarly as cardinal data, for at least two reasons
(Voogd, 1981; de Montis, de Toro, Droste-Franke, Omann, & Stagl, 2005). First, as mentioned,
ordinal data cannot be standardized to a 0-1 scale because they are unitless. As a result,
the input data with which to calculate quantitative and qualitative dominance scores differs.
Second, the ordinal data in the performance matrix represents order, not an absolute, cardinal,
score (Kirkels, 2016). It is challenging to quantify the distance between ordinal data, since it
is not clear a priori that an option scoring + + + scores thrice as good as an option scoring +.
As a result, it is impossible to treat ordinal and cardinal data similarly in the linear additive
model.

The quantitative dominance score for option combination ij (i 6= j) is established by distribut-
ing the weighting factor for criterion k according to the standardized option scores aki,std and
akj,std. In analytical terms, the quantitative dominance score dij is expressed as:

dij =
∑
k

wk · (aki,std − akj,std) (7)

with wk the weighting factor of criterion k (see section 9). Since the qualitative dominance
scores could not be standardized, a different dominance function must be applied to the ordinal
criterion scores αni and αnj . Many dominance functions can be selected for this (see for instance
Voogd, 1981), but here, a frequency method is employed. The frequency method multiplies
the difference between ordinal criterion scores αni and αnj with a logical function sign, that
translates qualitative data to a scale between 0 and 1 based on mutual comparison. In other
words, sign has a value of +1 in case the qualitative score of option i exceeds the score of
option j, 0 in case the qualitative scores for i and j (αni and αnj respectively) are the same, and
-1 in case the qualitative score of i is lower than the score of option j (Voogd, 1981; Kirkels,
2016). Using this approach, qualitative dominance scores can be calculated as:

δij =
∑
n

dn · wn · sign[αni − αnj ] (8)

1 2 3 4 5
Business DNO Big Thermal Hydrogen
as Usual Toolkit Battery Conversion Production

1 Business as Usual -0.412 11.22 -9.55 2.032
2 DNO Toolkit 0.412 11.63 -9.14 2.44
3 Big Battery -11.22 -11.63 -20.77 -9.19
4 Thermal Conversion 9.55 9.14 20.77 11.58
5 Hydrogen Production -2.03 -2.44 9.19 -11.58

Table 10.2: Quantitative dominance scores for the technological options of KOL13
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Here, δij is the qualitative dominance score of option i over j, n is the index of the qualitative
criterion, and wn is the weighting factor of that respective criterion. dn indicates the direc-
tionality of the qualitative criterion. The quantitative and qualitative dominance scores for
the five technological options for KOL13 are given in tables 10.2 and 10.3.

1 2 3 4 5
Business DNO Big Thermal Hydrogen
as Usual Toolkit Battery Conversion Production

1 Business as Usual -10 4 -3 -3
2 DNO Toolkit 10 4 -3 -3
3 Big Battery -4 -4 -37 -3
4 Thermal Conversion 3 3 37 11
5 Hydrogen Production 3 3 3 -11

Table 10.3: Qualitative dominance scores for the technological options of KOL13

10.3 Overall Dominance Scores

In the third step, the overall dominance scores Sij are calculated by combining the quantitative
and qualitative dominance scores established in tables 10.2 and 10.3. The overall dominance
score expresses how much better or worse option i is than option j given the weighting factors
used in the study. The calculation of the overall dominance score Sij follows:

Sij =
dij
∑
k wk∑

i

∑
j |dij |

+
δij
∑
n wn∑

i

∑
j |δij |

(9)

with wk and wn the quantitative and qualitative weighting factors of criteria k and n, respec-
tively, and dij and δij the outcomes of equations 7 and 8. The overall dominance scores Sij for
all options for KOL13 are given in table 10.4. The total option score for option i, Si, follows
from Sij using:

Si =
∑
j

Sij (10)

These total option scores are presented in the final column of table 10.4.

1 2 3 4 5
Business DNO Big Thermal Hydrogen Total
as Usual Toolkit Battery Conversion Production score

1 Business as Usual -3.03 4.45 -3.75 -0.26 -2.49
2 DNO Toolkit 3.03 4.66 -3.62 -0.13 3.93
3 Big Battery -4.54 -4.66 -16.99 -3.64 -29.83
4 Thermal Conversion 3.75 3.62 16.99 6.68 31.04
5 Hydrogen Production 0.26 0.134 3.64 -6.68 -2.65

Table 10.4: Overall dominance scores for all technological options under consideration for the
KOL13 case

Outcomes

In the linear additive method, the best-performing option is the option with the highest total
option score Si (Roszkowska, 2013; Y. Wang et al., 2018; Duffy et al., 2015). It follows from
table 10.4, then, that the Thermal Conversion option outperforms the other four options. Its
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score of 31.04 far exceeds the score for the second-best option, DNO Toolkit (score of 3.93).
DNO Toolkit is followed by Business as Usual (-2.49) and Hydrogen Production (-2.65). The
Big Battery option scores worst (by far). The results of the MCDA suggest that there is
one very high scoring option, and one very low scoring option. The remaining three options
perform in the same range given the chosen decision criteria and the set of weighting factors.
In particular, the options Business as Usual and Hydrogen Production score very similarly. To
test the robustness of this option rank, it is important to run a sensitivity analysis that tests
the impact of the chosen decision criteria and weighting factors on overall MCDA outcomes.
Only if the outcome is shown to be robust, firm conclusiosn can be drawn for KOL13. The
sensitivity analysis is the eighth and final step of the MCDA, and is reported upon in section
11.

58



11 Sensitivity analysis

The previous section concluded with an overview of total option scores for the KOL13 case. It
was found that the Thermal Conversion option scores best. However, in the process of getting
to this outcome, many assumptions, subjectivities, and data uncertainties had to be taken into
consideration. For instance, subjective stakeholder input was used to choose the technological
options, decision criteria and weighting factors for KOL13. Additionally, assumptions needed
to be made in demarcating the decision context and modelling the technological options using
PFA. These assumptions, together with input data uncertainties, might have impacted criteria
scores in the performance matrix. These uncertainties could have a profound effect on overall
MCDA outcomes (Kirkels, 2016). To assess the extent of this effect, the MCDA cycle for KOL13
is completed with a sensitivity analysis (Kirkels, 2016; Steele, Carmel, Cross, & Wilcox, 2008).
In sensitivity analysis, the model parameters underlying the MCDA are systematically varied
to test how changes in these parameters impact final alternative ranking (Steele et al., 2008;
Drake, Trujillo de Hart, Monleón, Toro, & Valentim, 2017; Kirkels, 2016; Herath, 2004). In
this study, the sensitivity analysis consists of four elements:

• First, a reliability analysis is undertaken to assess the impact of input data (un)reliabilities
on final MCDA ranking;

• The second step involves criterion exclusion, in which different criteria sets are con-
sidered for the KOL13 case;

• Third, a scenario analysis is used to test the effect of different stakeholder attitudes
on the MCDA outcome;

• Fourth, the sensitivity of MCDA outcomes to changes in criterion weighting factors is
assessed in a turning point analysis.

11.1 Reliability input data

A first source of unreliability in the MCDA is the input data used to construct the performance
matrix in table 8.1. The criterion scores in the matrix have come about through the use of
uncertain input data (see appendix G and table G.1). To check the impact of this input data
unreliability, a reliability analysis was performed. In reliability analysis, the quantitative input
data in the performance matrix is varied, for instance in a data range of ±20% or ±40%. After,
the MCDA calculations are re-run to test the impact of these input data variations on overall
option ranking (Kirkels, 2016).

In the reliability analysis for the KOL13 case, all quantitative indicator scores were varied by
±40%. For instance, the business case for farmers was varied between 8.4 years and 19.6 years
for the Thermal Conversion option (14 years ±40%). Normally, a range of ±25% is deemed
adequate for reliability testing, but because many approximations had to be made for the
KOL13 case, a range of ±40% was chosen here. It is unlikely that real-world criterion scores
for KOL13 will fall outside this margin. The impact of different combinations of quantitative
values in this range were checked by re-running the MCDA calculations given in section 10.
It was found that varying the quantitative data within a ±40% range did not change the fact
that the Thermal Conversion option scored best. However, it did change the order of the third
and fourth-ranked options (Business as Usual and Hydrogen Production). This means that
the attractiveness of the Hydrogen Production scenario compared to the other technological
options is highly sensitive to the quality of the input data. The reliability analysis showed that,
regardless of the variation of input data in the ±40% range, the DNO Toolkit option continued
to score second-best, while Big Battery brought up the rear. Overall, as it is unlikely that the
criterion scores in the performance matrix will vary by more than ±40%, it can be concluded
that the outcomes of the MCDA are quite insensitive to unreliabilities in input data.
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11.2 Criterion exclusion

The second step of the sensitivity analysis involves the exclusion of several decision criteria from
the KOL13 decision framework, and re-running the MCDA calculations. Criterion exclusion
is often considered for criteria that are conceptually ambiguous (e.g. ‘local ownership’), or for
criteria whose scores are unreliable (Kirkels, 2016). However, it can also be used to test the
influence of choosing a specific criterion set on overall MCDA outcomes. Criterion exclusion
is a straightforward procedure in which the weighting factor of the excluded criterion is set to
zero. Subsequently, the weighting factors of all other criteria are increased proportionately.

In the criterion exclusion analysis, three distinct sets of criteria were considered. First, all
qualitative criteria were excluded so that the impact of the quantitative criteria on the KOL13
option ranking could be deduced. The weighting factors of the qualitative criteria were set
to zero, and their absolute value (47) was proportionately distributed over the quantitative
criteria. The resulting ranking is given in table 11.1. As given in the table, only considering
quantitative criteria does not lead to a change in technological option ranking for KOL13: the
Thermal Conversion and DNO Toolkit options still score best, with the Big Battery option
bringing up the rear. The second step of the criterion exclusion was to exclude all quantitative
criteria to check the impact of the qualitative decision criteria. Here, again, the weighting
factors of the quantitative criteria were set to zero, and their absolute value (53) was re-
distributed over the qualitative criteria. This resulted in a different option ranking, in which
DNO Toolkit scored best, followed by Thermal Conversion and Business as Usual (see table
11.1). Here, too, the Hydrogen Production and Big Battery options scored poorly.

Third, only the five criteria with the highest weighting factors (total production of renewable
energy; institutional fit with RES; business case farmers; social acceptance; and ease of adop-
tion) were included in the MCDA. These criteria had a cumulative weight of 51. All other
criteria (cumulative weight of 49) were excluded by setting their weighting factors to zero and
redistributing these weights to the top five criteria. This step was included per request of the
Provinsje Fryslân. The results are given in 11.1. As can be seen, the exclusion of 8 out of 13
criteria results in the same option ranking as seen before, with Thermal Conversion and DNO
Toolkit scoring highest. On the basis of these results, it can be concluded that the MCDA is
quite robust under circumstances of excluded criteria. In all cases, the Thermal Conversion
and DNO Toolkit options score best. Additionally, the criterion exclusion analysis has demon-
strated that both the quantitative and qualitative criteria add unique information about option
performance (different option rankings for quantitative criteria than for qualitative criteria).
However, the results do suggest that a less exhaustive set of decision criteria could already be
sufficient for decision-making in the KOL13 case, since using the top five criteria resulted in
the same ranking as when all thirteen criteria are used.

Only quantitative Only qualitative Only top five
criteria included criteria included criteria included

1. Thermal Conversion DNO Toolkit Thermal Conversion

2. DNO Toolkit Thermal Conversion DNO Toolkit

3. Business as Usual Business as Usual Business as Usual

4. Hydrogen Production Hydrogen Production Hydrogen Production

5. Big Battery Big Battery Big Battery

Table 11.1: Outcomes of criterion exclusion for KOL13.
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11.3 Scenario analysis

In scenario analysis, the impact of different stakeholder perspectives on MCDA outcomes
is tested (Kirkels, 2016; Herath, 2004; Steele et al., 2008). Depending on the differences
between stakeholder attitudes, some stakeholders might favour one alternative over another.
This is captured in the weighting factors assigned to the decision criteria per stakeholder
group. Scenario analysis can be used to investigate which technological options are collectively
preferred.

During the weighting workshop held on June 13 2019, weighting factors per stakeholder group
were collected (see figure H.3). These weighting factor sets were applied to the MCDA in turn to
check the impact of different stakeholder perspectives on MCDA outcomes. The results of the
scenario analysis for KOL13 are given in table 11.2. The table suggests that the stakeholders
are in agreement about the technological options that are most promising for KOL13: the
Thermal Conversion and DNO Toolkit options score best regardless of the weighting factor set
considered. Big Battery is considered least attractive by three out of four stakeholder groups.
Although both Business as Usual and Hydrogen Production score low, their respective ranks
differ depending on the stakeholder perspective that is taken in the MCDA. Overall, however,
it can be concluded that the stakeholders concur on which option(s) should be prioritized for
KOL13.

group farmers, NFW, grid operator province and EKW
LTO Noord municipality

1 Thermal Thermal Thermal Thermal Thermal
Conversion Conversion Conversion Conversion Conversion

2 DNO DNO DNO DNO DNO
Toolkit Toolkit Toolkit Toolkit Toolkit

3 Business Business Big Hydrogen Business
as Usual as Usual Battery Production as Usual

4 Hydrogen Hydrogen Business Business Hydrogen
Production Production as Usual as Usual Production

5 Big Big Hydrogen Big Big
Battery Battery Production Battery Battery

Table 11.2: Outcomes of scenario analysis for KOL13.

11.4 Turning point analysis

The fourth element of the sensitivity analysis is a turning point analysis, in which the weighting
factors of the criteria are incrementally changed and checked with overall option ranking. The
turning point for a criterion is the smallest change in a weighting factor value that changes
the final rank of technological options. In the turning point analysis for KOL13, each of the
criterion weights were evaluated in turn. Whenever a weighting factor was increased in value,
the weighting factors of the other criteria were reduced proportionately so that the total sum
of weighting factors remained 100. The results of the turning point analysis are given in table
11.3.

The results show that MCDA outcomes are quite sensitive to changes in weighting factors. For
most criteria, a small change in weighting factor (±5%) already results in a changed option
rank: only two out of thirteen criteria have a sensitivity exceeding an absolute value of 15%.
The high sensitivity of the other eleven criteria would be problematic if the change in weighting
factors would change the technological option that scores best. However, in the KOL13 case,
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Thermal Conversion continues to score best regardless of the change in weighting factors of
any of the criteria in a range of ±100%. Within this range, the turning points impacting first
rank do not exist. However, changes in weighting factors do impact the order of the options
that were scored 3rd and 4th originally: changing the weighting factors favours the position of
the Hydrogen Production option compared to Business as Usual. The rank of the options Big
Battery, DNO Toolkit and Thermal Conversion are not altered. Overall, therefore, changing
the weighting factors does not lead to a change in the final MCDA outcome, which proves the
robustness of the MCDA’s outcomes.

Criterion Weighting factors
original percentual change turning point

1. Business case farmers (payback period) 10 −16.5% −1.65
2. Share of system energy demand 12 +2.5% +0.30

generated renewably
3. Costs of grid reinforcement and 4 −5.0% −0.20

infrastructure updates
4. Realization time 7 −3.0% −0.21
5. Climate impact farms (reduction 7 +2.9% +0.20

CO2-eq. emissions)
6. Climate impact area fed by KOL13 7 +40.2% +2.81

(reduction CO2-eq. emissions)
7. Agricultural land use 6 −3.2% −0.19
8. Visual impact 4 −3.8% −0.15
9. Institutional fit with RES 11 +1.4% +0.15
10. Ease of adoption for farmers 8 −1.9% −0.15
11. Fairness of adoption 7 +3.1% +0.21
12. Social acceptance 10 −1.8% −0.18
13. Locality of the solution 7 +2.6% 0.18

Table 11.3: Set of decision criteria for the SES on KOL13. The column direction indicates
whether a rise in the score for a criterion results in a better (positive) or worse (negative)
overall solution for KOL13.

Overall outcomes

In this section, a sensitivity analysis was run on the outcomes of the MCDA to check its
robustness. The reliability analysis showed that the final option rank for KOL13 was insensitive
to unreliabilities in the used input data in a data range of ±40%. The criterion exclusion step
demonstrated that Thermal Conversion and DNO Toolkit continue to be the two best-scoring
options for KOL13 even in the face of different criteria sets. Although this confirms the
MCDA’s outcomes, the criterion exclusion step did suggest that fewer than 13 criteria could
be used to find the best-scoring option for KOL13. The use of only five criteria delivered the
same option rank as using 13 criteria.

The scenario analysis showed that the Thermal Conversion and DNO Toolkit options score best
regardless of chosen stakeholder perspective. Finally, the turning point analysis demonstrated
that, although the MCDA was sensitive to changes in weighting factors (small turning points),
the Thermal Conversion option continued to score best in all circumstances. Taking the
outcomes of all four sensitivity analysis steps together, it can be concluded that the outcomes
of the MCDA presented for KOL13 are robust. The Thermal Conversion option continues
to score best regardless of chosen stakeholder perspective, variance in input data, changes
in weighting factors, and chosen criterion sets. In most cases, it is directly followed by DNO
Toolkit as the second-best option. In most cases, Big Battery scores worst, whilst the popularity
of the Hydrogen Production option compared to Business as Usual remains contested.
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12 Conclusions

This thesis has attempted to demonstrate the merits of adopting a smart energy system (SES)
approach to decongest distribution systems. This was done by studying a specific case in the
Frisian village of Kollum. A participatory Multi-Criteria Decision Analysis (MCDA) coupled
to a Power Flow Analysis (PFA) was used to identify and assess different energy system designs
for KOL13. This section will present the conclusions of the study by answering the research
questions presented in section 1. First, conclusions are drawn about the social and technical
ramifications of adopting a SES approach for KOL13. Next, these conclusions are broadened
to the energy transition in the Netherlands in general.

Conceptualizations of Smart Energy Systems

The first subquestion of this thesis focused on the conceptualizations of smart energy systems
(SES) as presented in the literature, as well as on the translation of these conceptualizations
to practical contexts. The literature study in section 2 demonstrated that there is no con-
sensus on a formal definition of SES. It is commonly understood that SES should integrate
multiple energy sectors (e.g. electricity, heat, transport, gas), bringing about synergies that
could decrease operational costs, increase fuel efficiency, and lead to environmental benefits.
As such, SES are a clear step away from thinking about the energy transition in single-sector
(electricity) terms. However, the literature remains unclear about what sectors, technologies
and stakeholders should be leveraged to design a SES, and how such designs should be trans-
lated to practical contexts. As a result, the theoretical design space for SES is very broad: the
literature presents no method by which to distinguish between a SES and a non-SES. To still
guide empirical enquiry, an operational definition of SES was developed in section 2.6. In this
study, SES are seen as energy systems that integrate at least two energy sectors by generating,
storing, transporting and converting more than one energy modality (e.g.electricity, heat and
hydrogen). Further, a SES must consist of multiple energy technologies that are jointly oper-
ated to reach a site-specific objective. The essence of the operational definition of SES used
in this study, then, is its integrality. This integrality demands a certain smartness in the way
energy technologies are operated and coordinated to reach the set objectives. However, it is
unclear from literature whether this smartness should entail the integration of ICTs, the inclu-
sion of stakeholder attitudes, or something else altogether. Due to this conceptual ambiguity,
the ‘smartness’ of SES could not be specified in this study.

One of the contributions of this thesis was to illustrate how the operational definition of SES
could be translated to practical energy system designs. Step 2 of the MCDA demonstrated an
approach of system design relying on stakeholder input. Using interviews and consultations,
stakeholder visions on integral energy systems were gathered to produce a long-list of energy
technologies that were considered for the system on KOL13. This list was found to be a
good starting point for co-creation between experts and local stakeholders. Using the long-list,
experts were able to find synergies between energy sectors, producing several conceptual energy
system designs that satisfied the integrality criterion of SES. These conceptual designs were
then tested against local knowledge to make sure that the proposed solutions were compatible
with local needs and interests. By involving stakeholders, the local objectives that the SES
had to meet could be accounted for in the design process. This method led to the development
of five energy system designs: two of which could be considered as SES, and three that could
not. Further, the KOL13 case illustrated how SES can be built up of more than just energy
generation, storage and conversion technologies through the inclusion of energy management
technologies.
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Decision-making framework for Smart Energy Systems

The second sub-question for the KOL13 case pertained to the set-up of the decision-making
framework for Smart Energy Systems. In particular, it referenced the system criteria and
weighting factors that were to be upheld in choosing an energy design for KOL13. In this
research, the decision-making framework was based entirely on stakeholder input: the decision
criteria were selected on the basis of interviews and consultations, while the weighting factors
were established in a workshop. The full list of decision criteria and associated weighting factors
were reported upon in tables 6.1 and 9.1, respectively. The thirteen decision criteria that were
selected for KOL13 represented technical, economic, environmental and social impacts of the
energy system. This suggests that the KOL13 stakeholders took a holistic view to energy
system design. Although the relative importance of some criteria was contested on the basis of
conceptual ambiguity, all stakeholder groups agreed on the indicator set, particularly on the
inclusion of the business case for farmers and the environmental impact as criteria.

The criteria that were given the highest weights were total renewable energy production (12),
institutional fit with the RES scheme (10), business case for farmers (10), and social acceptance
of the solution. The environmental indicators were given much lower importance in evaluating
the energy designs for KOL13. This is striking considering the fact that environmental indica-
tors were frequently mentioned during the stakeholder interviews and consultations. Further,
the stakeholders did not agree on the distribution of weighting factors among the thirteen de-
cision criteria. In particular, there was contestation about the weights assigned to the criteria
business case for farmers, ease of adoption, total renewable generation, and social acceptance.
To come up with a collective set of weighting factors, the weighting factors assigned by the indi-
vidual stakeholder groups was averaged out. This led to a rather flat distribution of weighting
factors for KOL13. This could potentially have been problematic if the involved stakeholders
had not felt that their interests were being represented adequately. However, as the scenario
analysis in section 11.3 revealed, this was not the case: even with the collective set of weighting
factors, consensus could be reached about the energy system that should be pursued for KOL13.
Despite differences in stakeholder interests, all stakeholders could agree on the outcome of the
MCDA.

Technical performance of Smart Energy Systems

The third subquestion pertained to the electrotechnical performance of the five technological
options developed for KOL13. This was analyzed by means of a PFA, which computed voltage
levels, phase angles and power flows in the service area of DS Bergum. The inclusion of both
SES- and non-SES designs allowed comparative analysis for KOL13. The PFA showed that
the adoption of an integral approach to energy system planning was effective in mitigating
overvoltage problems on KOL13. For all five technological options, it was possible to come up
with realistic system configurations that reduced voltage levels below the 11.1 kV limit. There-
fore, it can be concluded that adopting a multi-sector SES perspective on energy planning can
decongest distribution grids. However, this may require the use of some energy technologies
such as Li-ion batteries and heat pumps as voltage support technologies. This contrasts busi-
ness cases for these technologies currently available in the market, which predominantly rely
on trade on wholesale energy markets. The adoption of a SES as defined in section 2.6 did not
eliminate the need for grid reinforcement entirely. In this study, four types of grid reinforce-
ment and reconfiguration were considered: cable doubling, circuit extension, leapfrogging and
transformer replacement. Additionally, the use of batteries and a PQ-scheme was considered
to decongest grids. Both the Thermal Conversion and Hydrogen Production options required
reinforcement of the electricity system to allow voltages to drop below the 11.1 kV threshold.
Two of the non-SES designs required grid reinforcements as well. SES are thus not a holy grail
solution when it comes to avoiding grid reinforcement in distribution systems: it is unlikely
that a SES can be realized on KOL13 without the simultaneous expansion of the existing grid.
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All technological options for KOL13 required the introduction of a Q(U) scheme to operate
within the 9.70 kV < U < 11.10 kV boundaries. Therefore, in heavily congested rural distri-
bution grids, adopting a DNO-controlled Q(U) scheme could be a quick win, delaying required
grid reinforcements. However, it must be noted that the adoption of such a Q(U) scheme does
not solve problems in electricity grids entirely – it merely displaces the problem to other cables
in the network that are less burdened by high voltages. Therefore, the application of a Q(U)
scheme cannot be applied as a sustainable strategy everywhere but it could be a good first step
to grid relief.

Apart from reducing voltage levels to below the 11.1 kV threshold, multi-sector integration in
the energy system has the potential of providing more than just infrastructural value. The
development of the performance matrix demonstrated how the Thermal Conversion and Hy-
drogen Production options out-performed the single-sector (electricity) options in terms of
total energy production, climate impact and institutional fit. This suggests that adopting a
multi-sector SES approach could be a good avenue for energy and climate innovation. However,
this does not imply that all multi-sector designs outperform single-sector designs: the Thermal
Conversion scenario consistently scored best, but the Hydrogen Production option was out-
performed by the DNO Toolkit and Business as Usual options. This means that the choice of
adopting a single- or multi-sector approach for energy planning requires careful consideration
of chosen objectives and decision criteria.

Overall, it was found that the Thermal Conversion option scored best for application on KOL13
given the decision framework adopted in this study. The Thermal Conversion option scored
high on indicators like total renewable energy production, institutional fit in the RES scheme,
and climate benefits. The superiority of this option within the considered decision framework
was robust: the sensitivity analysis showed that the outcomes of the MCDA were not suscep-
tible to changes in weighting factors, chosen criteria, stakeholder perspectives or input data.
The second-scoring alternative was DNO Toolkit, which had the merit of lower infrastructural
costs with a relatively high ease of adoption and social acceptance. Thus, it can be concluded
that both Thermal Conversion and DNO Toolkit could be viable solution directions for KOL13.
However, before second-order designs can be made, the analytical assumptions (Appendix A)
underlying this study must be carefully evaluated. The next step for KOL13 would be to
investigate opportunities for the realization of an ATES and heat grid.

Smart Energy Systems in the broader energy transition

This research focused on addressing whether or not adopting a SES approach in energy planning
could be used to decongest weak distribution grids, and, if so, how decision-making towards
SES could be informed by local contexts and interests. This research studied a case study
in the Netherlands, from which broader generalizations about energy system design could be
inferred. The study found that, from a technical perspective, multi-sector energy systems can
be used to mitigate overvoltage problems in distribution grids, and that they may be able to do
so with the advantages of increased renewable production and improved climate performance
compared to single-sector (electricity) energy systems. Additionally, this research found that
multi-sector designs can lead to decreased electricity grid reinforcement requirements compared
to single-sector designs. Adopting such an approach, then, may help circumvent the material
and knowledge scarcities currently taking place in the distribution system. However, this may
come at a price of increased infrastructure costs in other energy sectors, like the heat sector.
This study demonstrates that a SES design actually outperformed non-SES designs. As a
result, SES should be considered as fruitful solution directions in future grid design. However,
due to the locational specificity of the KOL13 case, it is not possible to generalize the MCDA
outcomes to other MV cables in the Netherlands, i.e. the conclusion of this study is not that
all rural MV cables should be decongested with a heat grid. Further, what is ‘smart’ about
the integral systems considered in this study has remained unspecified. The realisation of
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multi-sector SES requires the use of energy generation, conversion and storage technologies as
grid support technologies. To realize voltage stabilization in weak distribution grids, energy
generation, conversion and storage technologies will need to be closely coordinated. Therefore,
any practical SES will have to rely on high-resolution weather and load prognoses that inform
energy planning design. Additionally, institutional spaces will need to open up to allow DNOs
to use energy technologies in this manner.

The breadth of the smart energy systems concept necessitates a decision-making process that
can translate conceptual ideas to concrete energy system designs. This thesis demonstrated
a sequential decision-making process relying heavily on stakeholder input. It was shown that
the MCDA was adequate in representing and aggregating different stakeholder attitudes and
could lead to consensus about the energy system design that should be prioritized. Because
of MCDAs flexibility, it it expertly tailored to support decision-making processes in diverse
contexts, facilitating decision-making when multiple technologies and multiple stakeholders
are involved. Because it can integrate a large variety of quantitative and qualitative data,
as well as represent stakeholder values and build consensus, MCDA could be well-suited to
support decision-making in larger energy transition programmes, such as the RES scheme.

Overall, it can be concluded that, from a technical perspective, SES could be a fruitful av-
enue for renewables integration in weak distribution systems. The integration of stakeholder
perspectives by means of a MCDA can help build consensus towards choosing a SES design
that fits local interests and needs. Because of its structured approach, its capacity to integrate
a variety of data streams, and its integrateability with other research methods such as PFA,
MCDA is expertly tailored to facilitate decision-making in the energy transition. The adop-
tion of an MCDA approach in the KOL13 case has made insightful how the adoption of a SES
framework can deliver social, institutional and environmental value as well as economic and
technical value. However, SES-thinking is not a holy grail solution to energy system design: it
will not entirely mitigate the need for grid reinforcements and it will require hefty investments
in energy infrastructure to provide grid stabilization services. It is unlikely that SES can be
realized without the simultaneous expansion of existing weak grids. As such, SES-thinking
must be thought of as a strategy operating in conjunction with traditional grid reinforcements.
However, adopting SES thinking could reduce the pace at which these investments are to be
made, which could allow DNOs and other stakeholders to jointly strategize investments in
an increasingly dynamic energy landscape. Thus, this thesis has been successful in supplying
empirical evidence of SES applicability in weak distribution grids.
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13 Discussion

Several scope demarcations and assumptions were made in addressing the research questions
given in section 1 (see Appendix A). This section reviews the limitations of the research pre-
sented in this thesis, and suggests how these limitations may have impacted its conclusions.
Further, recommendations for future research on smart energy systems are given. The dis-
cussion concludes with policy recommendations for the KOL13 stakeholders, governmental
organizations, and DNOs active in the energy transition.

13.1 Limitations

Scope limitations

The first limitation of the study pertains to the research scope that was chosen. The scope
was demarcated in such a way that it included full agricultural energy use (electricity, gas and
diesel), total KOL13 electricity use, and heat demand of the households residing in Kollum
and Oudwoude. As a result, the scope was not homogeneous and did not follow municipal
boundaries. additionally, the scope excluded energy demand for personal transport services.
It follows that not all energy consumption in the area surrounding KOL13 was taken into
account. This was worsened by data gaps pertaining to electricity, gas and diesel use, such that
gross estimations of total energy use had to be made. This may have resulted in exaggerated
climate scores for the technological options in the performance matrix. Further, the exclusion
of personal transport in the research scope may have led to the exclusion of fruitful avenues
for SES development.

One of the core assumptions of this study was that the heat infrastructure in the KOL13 case
was infinite, i.e. that there was infinite opportunity to store heat in the ground using aquifer
thermal energy storage. Additionally, it was assumed that existing gas infrastructure could be
used for the transport of produced hydrogen. As a result, the interaction between heat and
electricity infrastructures was omitted in this study. This is a very crude assumption that must
be thoroughly checked before the practical implementation of a smart energy system can take
place. The unavailability of a high-quality ATES near Kollum could well make the Thermal
Conversion option less viable for application on KOL13.

Model limitations

In the execution of the Power Flow Analysis (PFA), an assumption of ceteris paribus was
made. It was assumed that no changes would be made to MV cables in the DS Bergum
service area other than KOL13. Furthermore, load growth and increased penetration of electric
vehicles and heat pump technologies were omitted from the study. Increased electric load
on KOL13 could reduce the required grid reinforcement, potentially reducing the costs for
infrastructural renewal in all five technological options. The PFA was used to assess the
impact of the technological options on KOL13 only ; the impacts of the technological options
on other MV cables were disregarded. Care was taken, however, that the integration of the
energy designs on KOL13 did not breach voltage and capcity constraints on other MV cables
in the service area. The PFA did not involve (n-1) or (n-2) analyses. As such, the system
performance during faults was not checked.

In the PFA for KOL13, SCADA and weather data were used to supply realistic generation
and load profiles to the single-line diagram. However, there was a data mismatch in these
profiles, since SCADA data from 2018 was coupled to generation (weather) data from 2017.
The SCADA-data was available in 15-minute increments and had to be interpolated to match
the 10-minute weather data from KNMI. Additionally, the SCADA data for some of the MV-
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cables in the single-line diagram were missing, and each MV/LV substations was assigned the
same load profile. For realistic prognoses of system performance, complete and matching data
sets must be made available. Additionally, (n-1) and (n-2) analyses must be performed before
any practical SES can be implemented. Another limitation in the PFA was the fact that it
was computationally impossible to analyze system performance during a full year in Vision.
This was due to limited processing capacity. As a result, only daily, two-daily and weekly
impacts could be calculated within a reasonable time span. To maximize the generalization
of analytical outcomes, it was checked that the days chosen for analysis were representative
of their respective months, i.e. it was checked that the voltage maxima of those days were
representative. However, this approach is insufficient to fully study the behaviour of seasonal
storage devices. For instance, the behaviour of the Li-ion battery in the Big Battery option
critically depends on the battery’s State of Charge (SoC), which is, in turn, dependent on
historical operation of the battery. By choosing only one or two days for each power flow
analysis, the historical development of the SoC had to be omitted. This can have significant
effects on technological option performance.

A further limitation of the study is that the model built in Vision is unresponsive: the grid
components in the model do not respond dynamically to system voltage during the process
of executing a load flow analysis. In a real-world grid, it would be possible to equip energy
technologies with measuring devices that could turn it on or off depending on real-time voltage
levels. In the load flow in Vision, this effect could not be simulated: instead, external, pre-
made profiles dictated when the components in the grid models had to turn on or off. This
creates a mismatch between modelled and real-world interaction of energy technologies.

Another limitation lies in the fact that the technologies selected for the KOL13 use were only
used as voltage support technologies, i.e. they were used to depress voltage levels. In the real
world, technologies like electrolyzers and Li-ion batteries could also be used to trade on energy
markets or supply flexibility to DNOs. The potential value streams from these technologies
have not been considered in this study, which means that some of the technological options -
like Big Battery - may have received a lower score in the MCDA. Allied to this limitation is
the fact that only four types of grid reinforcement and reconfiguration were considered in the
PFA. Although these four grid reinforcement types were liaised with Alliander, the inclusion
of other options may have changed the technological option scores on the criteria costs of grid
reinforcement and realisation time. This could have impacted the outcomes of the MCDA.

In the development and assessment of first-order energy system designs for KOL13, some
choices were made based on local knowledge and preferences. These choices did not always
seem logical. For instance, the Big Battery option included 11 small wind turbines because the
KOL13 farmers were very interested in investing in such turbines. However, the wind turbines
contributed very little to overall energy production in the area. Another example involves
the choice for placing the large wind turbine in the Hydrogen Production option. Because
the involved stakeholders wanted the turbine to be placed close to the village centre (so as
to promote local ownership), a MV/LV substation close to Oudwoude was chosen. If this
preference had not been voiced by the stakeholders, then maybe another design choice would
have been made.

A final model limitation lies in the selection of the decision criteria for KOL13. Some of
the decision criteria overlapped somewhat - for instance, the total generation of renewable
energy directly impacts the total climate impact that can be realized by installing a particular
technological option. In particular, the criterion exclusion step in the sensitivity analysis
(section 11.2) demonstrated how including only 5 indicators led to the same results as including
all 13 indicators. This inclusion of thirteen indicators could be constituted as double counting
some effects, which could have exaggerated the scores of some technological options compared
to others. This may be a warning sign that the MCDA presented in this thesis could have
overestimated the value of the Thermal Conversion option compared to the other technological
options.
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One criterion that many of the stakeholders mentioned in the consultations and interviews
was the ‘total societal cost’ required to realize the KOL13 energy system. This criterion was
excluded in favour of more measurable economic criteria (business case for farmers and total
costs of grid reinforcements). By excluding societal cost calculations from the overall analysis,
however, I have disregarded the interaction effects that could take place between different cost
items in the MCDA. As an example, it is highly likely that the total costs of grid reinforcement
will have an effect – albeit indirect – on total annual revenues for farmers. For instance, national
government could have changed the amount of funds available for subsidy on the basis of the
required infrastructure updates. In the second-order design of energy systems for KOL13, more
elaborate economic analyses will be necessary to account for these effects.

Although the limitations presented here could have changed the anlytical pecularities of the
KOL13 case significantly, it is unlikely that they would have changed the overall outcome of
the MCDA. This is because the sensitivity analysis described in section 11 showed that the
outcomes of the MCDA were insensitive to changes in chosen weighting factors and indicators.
Furthermore, it has demonstrated stable MCDA outcomes in a data range of ±40%. Therefore,
it has become apparent that, research limitations despite, the conclusions of this study are
reliable and can be used for recommendations on practical SES implementation.

Process limitations

Apart from scope and model limitations, several process limitations were encountered as well.
First, not all identified high-priority stakeholders could be involved in the study. This was
due in part because some stakeholders did not want to participate actively (e.g. municipal-
ity NOF). Additionally, some stakeholders (such as Stedin) were excluded on the basis of
scope demarcations, and others (such as local communities) because they were assumed to
be represented by other stakeholders in the sample. Due to the remoteness of the village of
Kollum, it was impossible to do immersive research. This has impacted the quality of empir-
ical observations. Additionally, the project partners of the PPP Landbouw als vliegwiel voor
de energietransitie heavily focussed on the role of agricultural parties, partially ignoring the
interests of other stakeholders such as civil society groups. These limitations could have led to
the under-representation of some local interests in the KOL13 case study.

Because not all stakeholders could be involved at the same time in the decision-making pro-
cess, knowledge inequalities were endemic. For instance, the community group Doarpsbelang
Aldwâld could only be involved in the last few weeks of the study, meaning that they had not
been able to influence the decision-making process before that time. Because of this knowledge
mismatch, some stakeholders may have remained reactive instead of active: they may have
been directed too much by expert judgement from Alliander and WUR, who were the key
knowledge drivers of the project. Indeed, many of the local stakeholder representatives used
their lack of knowledge about energy systems to motivate taking a more reactionary approach
to supplying their visions and opinions on SES and the KOL13 project.

A key assumption of the study was that all KOL13 farmers were willing to participate in
the project (i.e. generate renewable energy on-farm), and that all households in Kollum and
Oudwoude would opt to join the heat grid if offered by the project consortium. This is a
crude assumption that broadly impacts the criterion scores in the performance matrix: it
could impact total production of renewable energy, total climate benefits, business cases, and
social acceptability of the solutions. Additionally, assuming that all KOL13 farmers jointly
invest and jointly (equally) benefit from participation in the project may have given a skewed
vision of realities once the KOL13 farmers start investing. In the development of second- and
third-order energy system designs for KOL13, these assumption must be checked to ensure that
the designs developed in this study are applicable to the case. In particular, individual-level
business cases and climate benefits must be calculated to allow onboarding of KOL13 farmers
and local households.
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A fourth limitation is the subjectivity of MCDA as a method. In setting up the MCDA, many
choices can be made. Indeed, changes in the set-up of the stakeholder interviews and consul-
tations could have led to different system designs, decision criteria and weighting factors than
are presented in this study. This has implications for the replicability of the research findings
to other cases. If another researcher had executed the same study, or if other stakeholder
representatives were selected for participation, different research outcomes could have been
reported for the KOL13 case. Nevertheless, the sensitivity analysis showed that the MCDAs
outcomes were robust and resilient to changes in the decision-making framework, suggesting
that these subjectivities would not have impacted MCDA outcomes overly much.

Since the research presented in this thesis was conducted at Alliander, I came to be seen as
allied to the organization. As a result, as a researcher, I became part of the power dynamic
within the public-private partnership. Although I tried to elucidate my neutral stance on the
KOL13 energy system design, many local stakeholders referred to me as ‘part of Alliander’.
This may have impacted the information that was shared with me, or the method by which it
was shared with me. My presence as a researcher, therefore, has also impacted the outcomes
of the study, although it is impossible to quantify the extent of this effect.

13.2 Suggestions for further research

The KOL13 case study has opened up several avenues for further research. This section
elaborates on these avenues by considering recommendations for both theoretical and empirical
research on smart energy systems.

Theoretical work on Smart Energy Systems

The literature review in section 2 demonstrated that no specific definition of SES exists. As
a result, SES could take myriad of forms, which makes theorizing on SES difficult due to
issues of generalizability. In particular, several aspects of the SES concept could be clarified
in future research. In this thesis, an operational definition of SES was made to distinguish
between energy systems that can be considered as SES, and those that cannot. The definition
suggested that a SES integrates more than one energy sector, therefore including more than one
energy modality (electricity, heat, gas), and that, within the SES, multiple energy technologies
are jointly operated to achieve a location-specific objective. This objective could encompass
technical, social and economic axes. Future research should focus on whether this operational
definition can be made more specific, for instance by adding more practical axes pertaining
to ‘smartness’ or the level of stakeholder involvement. This could potentially help create a
SES typology, which could support the systematic comparison of system designs. Second, and
crucially, the ‘smartness’ that is intrinsic to the SES concept should be made more clear. The
integrality of the SES concept requires smart operation and control, but it is unclear how this
should be realized. Current literature mainly refers to the use of ICTs to make the system
‘smart’, but other sources of ‘smartness’ may be identified as well.

Existing literature did not elaborate on the interaction between (local) stakeholders and SES.
As a result, SES remain largely technological complexes that have not been grounded in their
respective socio-institutional contexts. The results of this study clearly illustrate how the pro-
posed SES designs must fit local interests and needs in order to add value, and therefore, future
research should prioritize the integration of stakeholder values within the SES framework. Al-
lied to this, future research could focus on the development of decision-making processes to
guide practical implementation. The decision-making framework presented in this thesis could
be taken as a starting point for this; it could be refined for larger groups of stakeholders and
larger geographical scopes to enable strategic decision-making on larger scales. On a technical
level, the academic literature was not explicit about the interaction of SES with other infras-
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tructures. Therefore, future research could emphasize the integration of multiple SES into a
wider energy system. Additionally, the interaction between new SES and existing electricity
and gas infrastructures should be studied. Therefore, for future development of the SES con-
cept, it it necessary that a clear and operational definition of it is produced, so that empirical
research efforts on the topic can be guided. Recommendations for empirical work are given in
the next section.

Empirical studies on Smart Energy Systems

This thesis has only studied one empirical case of SES application. To feed theorizing on SES
and generalize the findings of this research, many more empirical cases need to be evaluated.
These cases should be diverse in chosen scope, goals and contexts to study the practical ap-
plication of SES from different angles. Due to the peculiarities of the KOl13 case, the present
study emphasized overvoltage problems in weak medium voltage grids. Other empirical work
could also study the impact of SES on capacity limits, focusing on both medium voltage and
low voltage systems with varying grid topologies (e.g. meshed or radial). One such case could
be the case of Amsterdam, where expected increases in electricity demand due to the penetra-
tion of electric vehicles and heat pumps leads to a steep grid reinforcement requirement in the
years up to 2040 (see for instance Stil (2019)).

The PPP Landbouw als vliegwiel voor de energietransitie has a clear interest in studying the
role of the agricultural sector in the energy transition. In this thesis, the role of the agricultural
sector was mainly to supply electrical energy. Its function as a possible provider of flexibility
services was lost, because the farmers on KOL13 firmly argued against the adoption of on-
farm energy management technologies. Further research could dive deeper into the flexibility
potential offered by the agricultural sector, by testing flexibility technologies like grass drying
and manure cooling in the field.

This thesis had a rather small analytical scale: it assessed the electro-technical performance
of SES on only one MV cable. When the scale of the practical SES increases, assessment
of other MV cables in the vicinity will also need to be taken into account. Future research
could study how electro-technical impacts of SES integration cascade to other electrical assets,
and how different energy infrastructures (e.g. electricity and gas grids) impact one another in
practical settings. This, combined with (n-1) and (n-2) analyses, could provide a clearer image
of electrotechnical performance of SES.

A key topic that remained unaddressed in this thesis was the distribution of costs and benefits
resulting from the practical implementation of SES. Key questions that popped up during
the KOL13 case study were: How will costs be shared among participants? Who pays for the
grid reinforcements, and who benefits from them? How can we value energy flexibility and
grid support services? Future research could focus on developing social or environmental cost-
benefit models that can be applied to empirical cases to guide such financial decision-making.

13.3 Policy recommendations

KOL13 stakeholders

The first relevant finding of this study for policy-making, is that adopting a SES approach
has the potential to reduce overvoltage problems on KOL13 while creating superior socio-
institutional and environmental value compared to non-SES grid designs. In particular, the
Thermal Conversion option scored best for application on KOL13, followed by DNO Toolkit.
These results were robust and not susceptible to changing MCDA model parameters. I would
recommend the KOL13 stakeholders to start investigating opportunities for implementing the
Thermal Conversion option. This would involve checking the soil suitability for heat production
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and storage, as well as calculating business cases for farmers in more detail. Additionally, it
is important that local households and other civil society groups are onboarded to build social
acceptance and support.

Because the building blocks of the Thermal Conversion option partially overlap with the build-
ing blocks of the DNO Toolkit option, the stakeholders could start investing in the DNO Toolkit
option so as to take advantage of the favourable SDE+ scheme. A large implication of the DNO
Toolkit option was that the booster transformer at CS Buitenpost had to be replaced. On the
basis of this study and other developments taking place in the service area, it is recommended
that this booster transformer is replaced within the next five years (Maarten Levert, grid archi-
tect electricity at Alliander, personal communication, June 6 2019). The reinforcement of the
electricity grid in this manner prepares the KOL13 infrastructure for increased production of
renewable electricity. As a result, the DNO Toolkit infrastructure could be expanded later on
to realize the production and distribution of sustainable heat within the Thermal Conversion
option.

A second recommendation to the KOL13 stakeholders is to review the set of decision criteria
selected for this study. The criterion exclusion analysis in chapter 11 showed how the inclusion
of only the five most important criteria delivered the same results as the inclusion of all thirteen
criteria. By reviewing the set of decision criteria, the effect of double counting could be
(partially) eliminated, and the assessment of future grid designs could be made less tedious.

Governmental organizations

The national government has divided the Netherlands into 31 energy regions that are expected
to deliver first drafts of their Regionale Energiestrategieën (RES) by 2021. Much of the decision-
making responsibility will fall on the shoulders of regional governmental organizations such as
provinces and municipalities. To support the RES process, decision-making methodologies
must be developed. A key finding of this study was that the demonstrated decision-making
method was adequate in representing differences in stakeholder values, while still supporting
consensus-building. As a result, it is recommended that regional governments adopt and adapt
the method presented in this paper to spur decision-making within the RES framework. The
interaction between expert and local knowledge should be emphasized to come up with system
designs that create synergies between energy sub-sectors whilst fitting local contexts.

Second, a revision of the SDE+ scheme is recommended. The current SDE+ subsidy scheme
is not location specific, meaning that it may create perverse incentives to invest in renew-
able generation in areas where the grids are too weak or congested to achieve cost-effective
realization. A locational component could be added to the SDE+ appraisal process to allow
DNOs to weigh in on the location of new renewable projects. This could reduce the strain
on distribution grids, potentially facilitating DNOs in strategizing their asset investments in
the face of the energy transition. This could significantly reduce the societal costs required
for grid reinforcement, and, as a result, could cut energy bills for households and other end-
consumers. However, adding these axes to the SDE+ appraisal process could mean that more
elaborate analysis methods will be necessary to motivate subsidy spending. For instance, the
total required infrastructural investment per produced kWh could be integrated in the appraisal
process.

A third recommendation for government is to open up opportunities for DNOs to operate
energy generation, storage and conversion technologies as grid support services. Currently,
DNOs are forbidden by law to operate batteries or electrolyzers as grid support technologies,
under the argument that this would influence the energy market. Independent parties must be
in control of the operation of such technologies. However, the outcomes of this study suggest
that the use of batteries, heat pumps and electrolyzers is effective in curbing overvoltages
resulting from renewables integration. Additionally, these technologies could create social and
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environmental value that cannot be attained by traditional grid reinforcements. This finding is
supported by other empirical studies, such as a case in Nijmegen Noord where Li-ion batteries
are used to maintain capacity limits (Martijn Bongaerts, senior programme manager Asset
Management at Alliander, personal conversation 08-07-2019). The findings of this study do
not imply, however, that full leeway should be granted to DNOs in owning and operating
grid support technologies. Small changes to existing energy laws could already have a large
effect. For instance, if DNOs could be allowed to set the operational boundaries within which
independent market parties must operate their conversion or storage technologies, this could
already help support existing grids. Alternatively, if DNOs could co-decide on the location of
the new storage or conversion assets, this might have a similar effect. As a result, opening up
opportunities for using energy technologies in this way could reduce the societal costs that will
be required for grid reinforcement, and could lead to increased environmental performance of
the energy system against lower costs for end-consumers.

Alliander and other DNOs

One of the findings from this study was that the application of a Q(U) scheme is likely to
reap benefits in rural renewable energy projects. By varying the reactive power extracted
from or injected into the grid by inverters, the voltage levels in medium voltage grids can be
significantly controlled with minimal production losses. As such, applying a Q(U) scheme is a
quick-win in grid design and operation. The first recommendation for DNOs, therefore, is to
more frequently consider the adoption of a Q(U) scheme, particularly in areas that are already
congested. This allows DNOs to partially decongest distribution systems, potentially delaying
required grid reinforcements, so that they can better strategize their investments.

In the analysis presented in this thesis, strict electro-technical limits were adhered to: MV/LV
substation voltages had to fall within the 9.70 kV ≤ U ≤ 11.10 kV bandwidth, and component
capacity limits of 100% had to be respected. This two decimal point precision was honoured
in the analysis for KOL13, conform current grid operator policy. However, adhering to these
limits created an interesting dynamic in early-stage energy system design: the level of detail
embedded in the Power Flow Analysis (PFA) could impossibly be matched to the level of
detail required to set-up and analyse the performance matrix. Additionally, the input data
for the PFA was quite uncertain: not all SCADA data was available, the base model was
incomplete, and the weather data used did not contain solar and wind shading effects. As a
result, the outcomes of the PFA were intrinsically uncertain. Overall, the adoption of strict
voltage limits only makes sense if the rest of the analysis can match its level of detail. However,
in contemporary grid planning, grid planners and architects evaluate whether new grid designs
should be implemented or not by judging them harshly against the 9.70 kV ≤ U ≤ 11.10
criterion. Adopting such harsh criteria may be detrimental to first-order, early-stage energy
system design. Therefore, an important recommendation for DNOs is to let go of strict voltage
limits in assessing early-stage energy system designs, so as to create more space to consider
innovative grid topologies. Once grid planners or project developers settle on a design they
would like to develop further, generation, conversion and storage capacities can be finetuned
to meet the stricter electro-technical limits. In these second- or higher-order design phases,
it is important that high-resolution, high-quality data is gathered so that more accurate grid
designs can be produced.

A third and final recommendation for DNOs refers to the use of worst-case analysis in the
evaluation of grid design. Normally, the impact of adding new generation, conversion or storage
technologies is assessed by means of worst-case testing. For instance, the grid planner or grid
architect evaluates a situation with high load (100% of nominal transformer load) and no
generation (0% PV generation), and a situation with low load (20% nominal transformer load)
and high generation (100% PV generation). Based on the outcomes of these two conditions,
(s)he can make decisions on grid design. The models used for such worst-case testing are
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typically very straightforward: no generation or load profiles are applied, and the operation of
storage and conversion technologies are not coordinated with instantaneous power generation.
Worst-case testing can give good first-order approximations of electrotechnical impact, but may
gloss over important details pertaining to energy technology interaction. As a consequence,
the DNO may decide not to connect new sources or loads because modelled voltage levels
are too high. To get a better estimate of system performance on a daily, weekly or monthly
level, I recommend that more realistic models are created through the application of high-
resolution load and generation data. Applying load profiles on the basis of 10- or 15-minute
increment SCADA data could be a good place to start. This could be easily realized through
the application of external profiles that are matched to their respective MV cables in the
single-line diagram in software programmes like Vision. Using more qualitative assessments
of voltage- and capacity profiles in the network may help the DNO understand the behaviour
of their assets better, and may result in a lower point-blank refusal of new applications from
customers. Instead of selling end-customers a hard ‘yes’ or ‘no’, DNOs could use the more
qualitative information on grid behaviour to sell new connections that may be subject to grid-
imposed conditionalities.
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A Goal, scope and analytical assumptions

In this section, the overall research goal, scope and analytical assumptions are briefly touched
upon. The aim of this section is to broadly demarcate the scope of the KOL13 case and to set
the boundaries for analytical enquiry.

Goal: the goal of the study is to find a first-order energy system design for the KOL13 case that
allows the integration of on-farm energy production and fits local interests without exceeding
MV voltage limits. This is done by developing several (smart) energy system configurations
in coordination with (local) stakeholder representatives and assessing them according to local
criteria. A core goal of the project consortium of the Public-Private Partnership (PPP) Land-
bouw als vliegwiel voor de energietransitie was to maximize renewable energy production in the
KOL13 area. One core element of reaching this goal was to regard the involved farmers as the
energy suppliers of local towns and villages.

Scope: to reach the research goals, the scope of the research had to be demarcated. This was
done by selecting the infrastructures, stakeholders and energy flows that were to be considered
in the study. Since energy infrastructures do not follow municipal or regional boundaries, it
does not make sense to demarcate the research scope on the basis of geographical arguments.
Rather, the scope of the study is demarcated from an energy perspective. The KOL13 case only
included the electricity, heat, gas and diesel sub-sectors; energy carriers like LPG or gasoline
for private transport were omitted. The starting point of this study is total energy use of all
end-consumers that are connected to KOL13, with the exception of energy use for personal
transport. This means that total electricity and gas use of the end-consumers connected to
KOL13 are taken into account, as well as agricultural diesel demand. Additionally, because the
farmers connected to KOL13 were seen as the energy suppliers of nearby towns, the analytical
scope was stretched up to also include the total gas demand of the households residing in the
villages of Kollum and Oudwoude. This opened up opportunities for the KOL13 farmers to
generate heat and electricity for these households. The diesel use of these households was not
taken into consideration, assuming that these households only use gas, electricity and gasoline
as energy carriers to fulfil their energy demands.

As mentioned, the goal of the study was to deliver first-order energy system designs for the
KOL13 case. In this study, the design of first-order energy systems for KOL13 takes place
within the boundaries of existing electricity infrastructures as much as possible. In other words,
traditional grid reinforcement is avoided as much as possible. This choice was made so as to
check the effect of SES-thinking as a DNO strategy, and to determine whether SES-thinking
can replace the need for grid reinforcement entirely or should be considered in conjunction
with traditional reinforcement.

The first-order energy system designs for KOL13 are initial indications of how the energy
system is expected to look and perform; their development and assessment do not necessitate
elaborate research methods. As a starting point, only the impact of the first-order designs on
the electricity infrastructure in the area was considered. To study the impact of the energy
system designs, reports on the steady-state node voltages and line and transformer capacities
are sufficient. The dynamic behaviour (harmonics) of the energy system have not been studied.
Further, the stability of the energy system designs under fault conditions has not been studied,
i.e. (n-1), (n-2) and short circuit analyses were not part of the research scope. The Power Flow
Analysis that was part of the study only investigated the impact on MV cable KOL13; the
exact effect on other cables was not considered. However, care was taken that the integration
of the energy systems on KOL13 did not push voltage or capacity limits of other electrical
assets beyond the limits imposed by the grid operator. In studying the socio-economic and
institutional impacts of the first-order energy system designs, elaborate economic cost-benefit
analyses and social acceptance studies were omitted. Further scope demarcations - for instance
pertaining to the definition of the base model for the analysis of KOL13 - have been taken up
in their respective chapters to ensure readability of this thesis.
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Assumptions: several assumptions had to be made to allow the development and assessment
of several first-order energy system designs for KOL13. The first assumption that was made was
that all energy technologies within the energy designs considered for KOL13 were physically
connected to KOL13, not other MV cables in the area. As a result, only the typology of
KOL13 was directly affected by the integration of the first-order energy system designs. It
was assumed that the rest of the service area of DS Bergum remained the same, i.e. ceteris
paribus. Furthermore, it was assumed that, to test the impact of the energy system designs,
it was sufficient to look at steady-stage voltage and capacity levels. Overvoltage was defined
conform Alliander’s policy to be 11.10 kV or up. Undervoltage was defined to be 9.70 kV or
lower. Maximum capacity constraints have been defined as bus and transformer capacities
exceeding 100% loading. Here, too, limits normally imposed by Alliander in grid design have
been taken as guidelines.

A further assumption is that the gas infrastructure in the area is available for the transport of
(natural or hydrogen) gas, i.e. that the gas infrastructure has infinite absorptive capacity and
can accommodate the transport and delivery of several energy carriers. This abstraction was
made for two reasons. First, the gas networks in the KOL13 case do not fall within the service
area of DNO Alliander. Rather, DNO Stedin installs and maintains local gas grids. As a result,
very little is known about the location, capacity and availability of local gas grids. Second,
because the scope of the research only pertains to direct impacts of energy system designs
on electricity infrastructures, studying the impacts on the gas network could be postponed to
second-order system design.

Next, it was assumed that the potential for integrating new heat infrastructure in the KOL13
area is infinite, i.e. that there are no limits on heat production, storage and distribution in the
area. It is assumed that an aquifer of sufficient quality for the storage of 25°C heat is available,
and that the soil in the area is conducive to the construction of a heat grid. Furthermore,
it is assumed that the area is suitable to the construction of thermal wells that can be used
to produce heat using heat pumps. In line with these assumptions, heat loss in the system
has been neglected. Overall, it is assumed that heat demands within the proposed energy
system designs can be met fully with existing gas infrastructure and the installation of new
heat storage and distribution infrastructure.

Because it was impossible to involve all local stakeholder representatives, some assumptions
had to be made about their participation in the project. Crucially, it was assumed that all
farmers connected to KOL13 were willing to participate in the project, i.e. generate renewable
energy on their farms. It was also assumed that they would jointly invest and benefit from
participating in the project, so that averaged-out business cases and carbon dioxide emission
reduction could be calculated. Further, because local community representatives and civil
society groups were only partially involved in the study, it was assumed that all households in
Kollum and Oudwoude would be willing to participate in community initiatives such as heat
grids or joint investment in a community wind turbine.

This list of assumptions is by no means exhaustive - other assumptions had to be made to
calculate business cases, carbon dioxide emissions and total renewable energy production. Fur-
ther analytical assumptions have been taken up and described in their respective chapters to
ensure readability of this thesis.
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B Extension: Exploration of the decision context

List of stakeholders

Index Name Abbreviation Consortium Level of operation Affecting/affected
if applicable partner

1. Alliander − yes regional affecting

2. LTO Noord Projecten − yes regional affecting
national

3. Gigawatt − yes local affecting

4. Windunie − yes regional affecting

5. Wageningen University WUR yes n.a. affecting
and Research

6. Energieonderzoek ECN yes n.a. affecting
Centrum Nederland

7. Stedin − yes regional affecting

8. Noardlike NFW no regional affecting
Fryske Wâlden

9. Provinsje Fryslân − no regional affecting

10. Farmers − no local affected

11. Local community − no local affected

12. Gemeente NOF no local affecting
Noardeast Fryslân

13. Enerzjy Koöperaasje EKW no local affecting
Westergeast

14. Doarpsbelang Aldwâld − no local affecting

15. TenneT − no national affecting

16. Energy end-consumers − no n.a. affected

17. Enexis − no regional affecting

18. National government − no national affecting

19. Topsector Agri − no national affecting
& Food

20. Financiers − no n.a. affecting

Table B.1: Identified stakeholders for the KOL13 case, including their abbreviations, level of
operation, and the expected extent to which they affect or are affected by the development of
the Buitenpost SES
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Infrastructure exploration

Figure B.1 schematically depicts parts of the MV electricity infrastructure connected to DS
Bergum. DS Bergum supplies power to six substations in the area via one 50 MVA 110 kV/21
kV transformer and one 20 MVA 21 kV/10.5 kV transformer. Figure B.1 only shows the part
of DS Bergum’s rail system connected to CS Buitenpost; the other five substations have been
omitted. CS Buitenpost is connected to DS Bergum by means of a feeder consisting of four
10.5 kV cables with a length of 12 km each and a joint capacity of 16.75 MVA. CS Buitenpost
has ten outgoing buses and connects to two switching substations: SS Gerkesklooster and SS
Kollum. KOL13, in turn, extends from SS Kollum. KOL13 is highlighted in white in figure
B.1.

Figure B.1: Screen capture of the software programme Vision, detailing the MV infrastructure
in the grid space Bergum-Buitenpost. KOL13 is highlighted in white.

Sources and loads on KOL13

Figure B.2 shows the map of KOL13 with the approximate locations of the loads connected to
it. For simplicity, the names of the MV/LV substations have been left out in this figure. Table
B.2 details to which MV/LV substation all loads on KOL13 have been connected. The list of
sources and loads connected to KOL13 has been established by combining information from
Alliander’s geoservices database, the Dutch Chamber of Commerce register, and member data
supplied by NFW and Projecten LTO Noord.
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Figure B.2: Map of KOL13 including the approximate locations of the loads connected to it.
The different types of loads have been indicated with icons; cows represent dairy farms; horses
represent husbandries; and tractors represent the agricultural contractors. The primary school,
poultry farm, households, hair salon, assembly company, and fish shop have been indicated as
well.
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MV/LV substation No. of connections Type of connections
1. V. Limburg Stirumweg 18 GE No data available *

2. Tollingas./V Heemstral 3 Animal husbandry (unknown)*
Fish shop
1 detached home

3. De Anjen T/O 75 44 20 semi-detached homes
24 detached homes

4. Allemawei bij 9 2 Dairy farm
Bed & Breakfast

5. De Wygeast 37 20 Assembly firm
Primary school with small gym
Community centre
12 detached homes
1 semi-detached home
5 terraced homes

6. De Wygeast bij 61 10 2 dairy farms
Poultry farm
Animal husbandry (sheep)
Agricultural contractor
4 detached homes

7. Westeregen 3 Dairy farm
2 detached homes*

8. Dellenswei 7 Dairy farm
Animal husbandry (horses)
5 detached homes

9. Walddyk 7 No data available *

10. Wouddijk 6 7 6 detached homes
*

11. Wouddijk 15 AFT No connections

12. Wouddijk F15 2 Animal husbandry (sheep and goats)
1 detached home *

13. Wouddijk 13 4 Dairy farm with 50 kWp solar PV
Animal husbandry (horses and cattle)
2 detached homes

14. Walddyk 5 4 Hair salon with 13.5 kWp solar
3 detached homes

15. Stienfeksterwei 30 1 Agricultural contractor

Table B.2: Overview of the sources and loads connected to each of the MV/LV substations of
KOL13. The * symbol has been added for sources or loads that are uncertain or unknown.
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Energy demand in the area of KOL13

Electricity

Using 2018 SCADA data for the cable KOL13 in its entirety, its annual electricity demand
could be calculated. The SCADA data contained rail voltage and current data in 15 minute
increments, which could be used to calculate an apparent power profile S following

S =
√

3VrIr (11)

with Vr the rail voltage in kV and Ir the cable current in A, respectively. The apparent power
profile for KOL13 is given in figure B.3. By multiplying the apparent power profile with its
15-minute increment, electricity consumption in kWh could be derived. In 2018, roughly 1920
MWh of electricity was consumed by the end-users connected to KOL13.

Figure B.3: Apparent power profile S for cable KOL13 throughout the year 2018.

Because the project Landbouw als Vliegwiel voor de Energietransitie emphasizes the role of
(dairy) farms in the energy transition, it is interesting to uncover what share of this total
KOL13 electricity demand derives from farmers, and what share is accounted for by the other
end-users. To this end, energy data was collected from the dairy farmers connected to KOL13
by means of a survey that was based on existing literature about dairy farm energy use (Jacobs
& Ruitenberg, 2014; Todde, Murgia, Caria, & Pazzona, 2017; Upton, Murhpy, Shalloo, Groot
Koerkamp, & De Boer, 2015; Upton et al., 2013; Upton, Murphy, French, & Dillon, 2010;
Shine, Scully, Upton, & Murphy, 2018; Shine, Scully, Upton, Shalloo, & Murhpy, 2018; Ra-
janiemi, Jokiniemi, Alakukku, & Ahokas, 2017). The survey contained questions about the
dairy farmers’ herd size, employed milking method, total annual milk production (kg/year),
annual electricity use (kWh/year), gas use (m3/year) and diesel use (L/year), as well as whether
or not they owned a smart meter. The survey was spread by means of e-mail and elicited the
response from four out of six dairy farms. The survey could not be spread among the an-
imal husbandries and poultry farm in the area because they were not members of NFW or
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LTO Noord. Therefore, due to restrictions relating to privacy regulations, Alliander could not
approach them for their energy use data directly.

Out of the six dairy farms connected to the cable, five operate one or more milking robots. The
three respondents with a milking robot reported annual electricity demands of 62.4, 79.0 and
45.5 kWh/1000 kg milk, the average of which approximates the 65 kWh/1000 kg milk reported
in the literature (Jacobs & Ruitenberg, 2014; Todde et al., 2017; Upton et al., 2010; Rajaniemi
et al., 2017; Shine, Scully, Upton, & Murphy, 2018; Upton et al., 2013). The remaining dairy
farmer operates a 6x2 milking parlour and reports an electricity use of 53.6 kWh/1000 kg
milk. It was assumed that the two dairy farmers that did not fill in the survey had an average
electricity use of 62.3 kWh/1000 kg and a Dutch average annual milk production of 900.000
kg (Melkveebedrijf.nl, 2018; ZuivelNL, 2017; Coöperatie CRV, 2018; Centraal Bureau voor de
Statistiek, 2019c). With these figures, the total electricity consumption of the KOL13 farmers
was calculated to be roughly 398,500 kWh/year, which represents 21% of total electricity
consumption.

KOL13 connects one large poultry farm. Although the owners could not be approached for
energy data, a lot is known about the farm operations because the Frisian environmental agency
published a report in 2014 about the environmental impact of the poultry farm. It maintains
a flock of 54,000 broiler parent animals in three stables with a total electricity consumption
of 65,000 kWh/year (Fryske Utfieringstsjinst Miljeu en Omjouwing, 2014). This figure is in
the same order of magnitude as electricity intensities reported in the literature (Baxevanou,
Fidaros, Bartzanas, & Kittas, 2017).

Unfortunately, very few empirical data can be found about the electricity use of animal hus-
bandries. Indeed, the energy use of such agricultural firms depends on the type of animals that
are being reared, as well as the purpose of the animals in agricultural value chains (Dakpo,
Laignel, Roulenc, & Benoit, 2014). The paper by Kythreotou, Florides Tassou (2011) sug-
gests that cow rearing on Cyprus results in a total energy consumption (electricity, heat and
diesel) of 400 kWh/cow, whilst pig rearing has an energetic cost of 625 kWh/sow. Of these
figures, 40% is accounted for by electricity, resulting in 160 kWh and 250 kWh per animal per
year, respectively (Kythreotou, Florides, & Tassou, 2011). In the Netherlands, the rearing of
goats costs roughly 100 kWh/year per animal, whilst sheep have an electricity cost of 65-80
kWh/year (Wageningen University & Research, 2019). No figures on the electricity use of
rearing horses could be found; it was assumed that this would cost roughly 200 kWh/year per
animal. To make an estimation of the total electricity consumption of the husbandries con-
nected to KOL13, these intensities were multiplied by the estimated size of the husbandries.
In the Netherlands, the amount of animals that are kept per husbandry differ significantly –
for instance, an average sheep farm keeps 50 ewes, whilst an average goat farm – used for milk
production – keeps 750 animals (van der Meulen, 2018; Wageningen University & Research,
2019). In the area of KOL13, the size of the husbandries varies significantly (Tom de Jong,
personal conversation, 30-04-2019), but no quantitative data was available on the number of
animals per farm. Therefore, it was assumed that each husbandry on KOL13 keeps 150 ani-
mals on average. Using these figures, total electricity demand of the husbandries was estimated
to be roughly 100,000 kWh/year. The total agricultural electricity use on KOL13 was thus
estimated to be 563,500 kWh/year. It is assumed that the remaining electricity demand is
covered by the other loads on KOL13.

Gas

As mentioned in section 4.3, the gas grids in the service area of KOL13 are not managed by
Alliander, but by grid operator Stedin. This means that accurate gas consumption data for the
KOL13 case study is unavailable, and that total gas demand must be estimated on the basis
of other empirical sources by adding up gas demands per end-user (type). The dairy farm gas
demand could be estimated with the survey results. The gas demands of four out of six dairy
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farmers were retrieved from the data supplied by the farmers; the demand for the remaining
two was estimated as the average of the other four. This led to a total gas demand for the
dairy farmers of roughly 24,300 m3/year. Given the lack of data on animal husbandries, it
was assumed that the husbandries use the same amount of gas as dairy farmers; leading to a
total gas demand of 20,250 m3/year. The Fryske Utfieringstsjinst Miljeu en Omjouwing (2014)
reported that the gas use of the poultry farm connected to KOL13 was 35,000 m3/year in 2014.

A dataset on 2016 residential energy use for the municipality of Noardeast Fryslân was used to
estimated residential gas demands for the households connected to KOL13 (Centraal Bureau
voor de Statistiek, 2019b). These figures were checked with other empirical data (Majcen
& Itard, 2014; Centraal Bureau voor de Statistiek, 2019a; Milieucentraal, 2019). Total gas
demand for the households was calculated to be roughly 188,000 m3/year. The gas use for the
primary school was estimated to be about 12,000 m3/year (Sipma & Niessink, 2018). Using
empirical data from two community centres in the Netherlands the UK, the gas demand for
the community centre in Oudwoude was estimated to be 8000 m3/year (Verbong, 2005; Bere
Architects, 2012). The sports facility was estimated to use roughly 43,000 m3/year (CIBSE,
n.d.). Using figures from Wang (2012), gas demands for the B&B in Oudwoude is estimated to
be roughly 3000 m3/year (J. Wang, 2012). Since most energy consumption in fish shops is used
for cooling (Muir, 2015; James et al., 2009), the gas demands for the shop were assumed to be
negligible. Additionally, the owner of one of the agricultural contracting companies suggested
that his gas use was negligible (personal conversation, 26-03-2019). Not enough empirical data
was available to estimate the gas use of the hair salon and the assembly firm connected to
KOL13.

With this data, the gas use of KOL13 was estimated to be 333,550 m3/year. To account for data
gaps and uncertainties, and to account for the fact that some end-user’s gas consumptions could
not be quantified, the total gas use for KOL13 was elevated by 5% to 350,000 m3/year. This
translates to roughly 4100 MWh of heat demand only by the end-users connected to KOL13.
The heat demand of the households in the villages of Kollum and Oudwoude was estimated
as well. This is because some of the technological options developed for KOL13 include heat
solutions that feed loads external to the KOL13 area. The total number of inhabitants in both
villages combined was 6360 in 2017. The average family size in the municipalities was 2.41
in 2013 (Centraal Bureau voor de Statistiek, 2013), meaning that roughly 2640 households
reside in Kollum and Oudwoude. The average gas use of households in Kollum and Oudwoude
is 1700 m3 (Centraal Bureau voor de Statistiek, 2019b), so residential gas demand totals
4,488,000 m3/year (equivalent to roughly 52,400 MWh of heat demand per year). The overall
gas demand of the area, therefore, is set to 56,500 MWh/year.

Diesel

Beyond electricity and gas, diesel is frequently used as an energy carrier in agricultural value
chains, particularly in fueling on-farm equipment such as tractors and shovels. For this study,
it is assumed that the non-agricultural end-users on KOL13 – like the households, primary
school, and local shops – do not use any diesel as an energy carrier. Most will use other types
of fuels – like gasoline or LPG – for transport functions of private vehicles, but this is left
outside the scope of this research.

The diesel demand for the dairy farmers can be taken from their answers to the survey. The
four farmers that responded reported a diesel use between 8000 and 13000 L/year, with an
average of 10750 L/year. Taking 10,750 L as the diesel demand of the two missing dairy
farmers, the total diesel demand for the dairy farmers was estimated to be 64,500 L/year. In a
personal conversation, the owner of one of the agricultural contracting firms reported a diesel
demand of 200,000 L/year. Since data about the second firm is missing, a total diesel use for
both contracting companies is assumed to be 400,000 L/year. As mentioned, roughly 60% of
total primary energy use in animal husbandries is taken up by diesel consumption (Kythreotou
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et al., 2011). This equates to 150,000 kWh/year or roughly 14000 L diesel/year. The poultry
farmer reported a diesel use that was negligible (Fryske Utfieringstsjinst Miljeu en Omjouwing,
2014). Overall, therefore, total diesel demand of the end-users on KOL13 was reported to be
roughly 480,000 L/year, which equates to roughly 5100 MWh of diesel/year.

Effect of voltage regulation of booster transformers Buitenpost

As mentioned in section 4.3, CS Buitenpost is equipped with two 18 MVA booster transformers
that regulate system voltages by switching 0.15 kV taps. This voltage regulation allows the
booster transformers to change taps according to voltage levels in the area, thereby actively
attempting to keep voltage levels within statutory limits. Figure B.4 shows the effect of this
voltage regulation scheme on the voltage levels in summer and winter, respectively, for MV/LV
substation Stienfeksterwei 30.
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Figure B.4: Voltage development (in kV) for MV/LV substation Stienfeksterwei 30 in (a)
summer operation and (b) winter operation

As can be taken from the figure, the voltage regulation is only effective during times when
voltage is low during the night and early morning, which can be explained by the fact that the
booster transformers at Buitenpost only equip positive taps, i.e. they can transform incoming
voltage up, but not down. As a result, in both summer and winter operation, the voltage
peak remains the same irrespective of whether the voltage regulation is employed or not. The
voltage regulation makes a large difference in keeping voltage above the 9.7 kV statutory limit
during times when generation is low.

Voltage levels service area CS Buitenpost

Figure 4.4 shows the voltage levels at 12:00 in summer (left-hand side) and winter (right-hand
side) for the service area of CS Buitenpost. This figure has been constructed with the software
programme Vision. To compute voltage levels for this specific case a load flow analysis was run
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assuming that the voltage regulation of the booster transformer at CS Buitenpost was turned
on (see also figure B.4). The figure demonstrates that the voltage problem is more pronounced
in summer than in winter, which can be explained by the fact that solar generation pushes up
voltages in summer when irradiation is high. In summer, voltage levels are pushed up beyond
the 11.1 kV statutory limit; in winter, voltages in the service area of CS Buitenpost reach levels
of ∼11.0 kV.

The load flow analysis described above was used to compute the voltage levels per MVS of
KOL13 for a day in summer (July 1st) and winter (Jan 1st). The results are given in table B.3.
As expected, the voltage levels in winter are slightly lower than the voltage levels in summer,
because solar irradiation is lower in winter. In winter, voltage levels are kept within the 9.7 ≤
UMV S ≤ 11.1 kV limits. However, in summer, the limits are violated where voltage is pushed
up to a level of roughly 11.2 kV.

MV space Summer operation Winter operation
Vmin Vmax Vmin Vmax

1. V. Limburg Stirumweg 18 GE 10.33 11.14 10.38 10.79
2. Tollingas./V Heemstral 10.33 11.14 10.38 10.79
3. De Anjen T/O 75 10.32 11.15 10.37 10.79
4. Allemawei bij 9 10.30 11.17 10.34 10.79
5. De Wygeast 37 10.29 11.18 10.33 10.79
6. De Wygeast bij 61 10.30 11.19 10.32 10.80
7. Westeregen 10.27 11.23 10.30 10.81
8. Dellenswei 10.27 11.23 10.29 10.81
9. Walddyk 7 10.27 11.23 10.29 10.81
10. Wouddijk 6 10.27 11.23 10.29 10.81
11. Wouddijk 15 AFT 10.26 11.23 10.29 10.80
12. Wouddijk F15 10.26 11.23 10.29 10.80
13. Wouddijk 13 10.26 11.23 10.29 10.80
14. Walddyk 5 10.26 11.23 10.29 10.80
15. Stienfeksterwei 30 10.25 11.23 10.29 10.80

Table B.3: Minimum and maximum voltage levels on KOL13 per MVS for a day in summer
(July 1st) and in winter (January 1st), without farm solar panels connected
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C Stakeholder interviews and consultations

Overview of interviews and consultations

For the establishment of technological options for KOL13 (step 2 of the MCDA) and the
formulation of decision criteria (step 3), stakeholder input was required. This was done using
four semi-structured interviews and several informal consultations with representatives from
the project’s stakeholders (see also section 4 and appendix B). The only difference between
interviews and consultations was that the interviews were recorded, transcribed and coded,
whereas the consultations were not. The interviews and consultations had the same set-up in
all cases.

Apart from the eight high-priority stakeholder groups identified in section 4.2, a consultation
was also arranged with the stakeholder Doarpsbelang Aldwâld, which is an interest group
representing the inhabitants of the village of Oudwoude. This consultation was not used as
input for steps 2 and 3 of the MCDA, but, rather, was used to lay the groundwork for future
involvement of households. The reason for this was that Doarpsbelang Aldwâld could only
be involved in a late stage of the project. Due to temporal constraints, it was impossible
to conduct interviews with all project stakeholders. Additionally, the representatives from
Provinsje Fryslân and Gemeente Noardeast Fryslân did not want to be recorded, meaning that
the interviews with these parties could not be transcribed. Key details about the stakeholder
interviews and consultations that were held are given in table C.1.

To homogenize stakeholder input, all interviews and consultations listed in table C.1 were
conducted using the same four core questions:

C.2.1 According to you, what does an integral, smart energy system look like? The
cues that were used to elicit response to this question included:

• What technologies do you think should be part of a SES?

• Which technologies are ‘need to have’, which are ’nice to have’?

• What sectors should be integrated in the system according to you?

C.2.2 What criteria should the energy system fulfill according to you? What effects
should it bring about? No cues were used for this question, except to clarify the
responses of the stakeholder representatives if required.

C.2.3 What factors challenge the development, implementation and uptake of smart
energy systems? The cues that were used to elicit response to this question included:

• What rules or regulations might obstruct implementation of such systems?

• What response do you expect from local stakeholders?

C.2.4 According to you, what actors/stakeholders should work together to realize
SES? No cues were used for this question, except to clarify answers where necessary.

These four questions were part of a conversation guide. For some stakeholders, questions
were added to the conversation guide to clarify sustainability strategies or other aspects of the
decision-making context. For instance, the representative from the Gemeente Noardeast Frys-
lân was asked about other sustainability initiatives within the municipality, and the representa-
tives from Provinsje Fryslân were asked further questions about the Regionale Energiestrategie
(RES) scheme. The interviews and consultations were conducted in Dutch. The questions
given here are loose translations of the questions asked to each participant.
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Stakeholder (number of Type Date Background of representatives
representatives)
Wageningen University Interview 13-2-2019 Senior researcher division Plant Research
and Research (2) Senior project manager division

Livestock Research

Projecten Interview 14-2-2019 Project manager ‘Climate and Energy’
LTO Noord (1)

Noardlike Fryske Interview 19-2-2019 Treasurer
Wâlden (2) Coordinator ‘Agriculture, Environment,

Water and Economy’

Gemeente Noardeast Consultation 4-3-2019 Policy officer ‘Sustainability’
Fryslân (1)

Alliander (4) Consultation 15-2-2019 Consultant ‘Energy transition, Gas and
Circularity’

Interview 21-2-2019 Senior relation manager
Consultation 28-2-2019 Asset manager ‘Capacity and Flexibility’
Consultation 5-3-2019 Advisor ‘Energy Transition’

Provinsje Fryslân (3) Consultation 8-4-2019 Coordinator ‘Agriculture and Energy’
Coordinator ‘Water’
Senior policy officer ‘City and Country-
side’

Farmers (10) Consultation 26-3-2019 4 KOL13 farmers, 1 agricultural contractor
Consultation 30-4-2019 4 KOL13 farmers
Consultation 13-6-2019 6 KOL13 farmers, 1 agricultural contractor
Consultation 30-7-2019 1 KOL13 farmer

Enerzjy Koöperaasje Consultation 23-4-2019 Chairman
Westergeast (1) Consultation 17-6-2019 Chairman

Doarpsbelang Consultation 30-7-2019 Chairman, general board member
Aldwâld (2)

Table C.1: Overview of stakeholder interviews and consultations conducted for step 2 and 3 of
the MCDA.
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D Extension: Identification of technological options

Building blocks for SES development

As mentioned in section 5, the interviews and consultations with stakeholder representatives
culminated in the development of a list of building blocks with which technological options
for KOL13 could be developed in a structured way. This section lists these building blocks,
distinguishing between agricultural building blocks and energy building blocks.

The agricultural building blocks include those technologies and energy management strategies
that impinge on on-farm processes, shift on-farm energy use or change agricultural value chains
in the dairy industry. The energy building blocks contain solutions in the energy generation,
storage and conversion realm, as well as grid (management) technologies. The full list of
building blocks can be found below.

Agricultural building blocks

• Time-shifting milking
• Time-shifting milk cooling
• Time-shifting manure shoveling
• Time-shifting water heating (electric

boilers)
• Electrification of on-farm vehicles
• Condensing milk (to powder)
• Grass drying
• Manure cooling

Energy building blocks

• Solar panels
• Solar-thermal (PVT) panels
• Wind turbines (small)

• Wind turbines (large)
• P(U)-scheme
• Q(U)-scheme
• Curtailment
• Production of hydrogen
• Production of e-diesel
• Electricity storage (Li-ion)
• Aquifer thermal energy storage (ATES)
• Borehole thermal energy storage
(BTES)

• Heat pumps
• Biogasification
• Heat grids
• Hydrogen injection in diesel
• Hydrogen injection in gas grids

Workshop Wageningen University and Research and Alliander

A key step towards the development of technological options for KOL13 was a workshop that
was held on 4-4-2019. The workshop was attended by four experts from Wageningen University
and Research (WUR) and five experts from Alliander. This section elaborates on the set-up
of the session.

Before the start of the workshop, the participants were sent documentation detailing key pa-
rameters and objectives of the KOL13 case, such as the type and number of end-users connected
to the cable. They were also given the list of building blocks as given above. At the start of
the session, the case study was elucidated by the researcher. Additionally, the two programme
managers of Landbouw als vliegwiel voor de energietransitie explained the programme’s objec-
tives, structure and partnership.

During and after this introduction, the participants were invited to ask further questions to
clarify the KOL13 case. After all questions were answered, the nine participants were divided
in three teams of three. The groups were mixed, containing experts from both WUR and
Alliander. Each group was tasked to come up with at least three first-order energy system
designs for KOL13. The session ended with a joint consolidation, in which each team presented
their findings and the other participants were invited to ask questions and discuss further
solution directions and opportunities. The workshop delivered 14 conceptual designs that were
reworked into seven technological options for KOL13, as described in section 5. The agenda
for the workshop is given below.
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Time Workshop section Speaker
13:30 Opening of the session; background of PPP Programme manager Alliander

Landbouw als vliegwiel voor de energietransitie;
goals of the session

13:45 Description of the KOL13 case; elaboration on Loes Hoefnagels
building blocks

14:00 Reflection on innovation projects WUR Programme manager WUR
14:15 Questions and discussion Loes Hoefangels
14:35 Break
14:45 Development of scenarios for KOL3 in three

teams of three
15:45 Joint reflection and discussion Programme manager Alliander
16:30 Closing of the session Programme manager Alliander
16:45 End

Table D.1: Agenda for the workshop between experts of Wageningen University and Research
and Alliander on 4-4-2019.

Categorization of technological options

Table D.2 categorizes the developed technological options for KOL13 along the axes of multi-
sector integration and collectivity.

electricity electricity-heat electricity-heat-
hydrogen

individual 1. Business as Usual
2. DNO Toolkit

collective 3. Big Battery
(farmers)

collective 4. Thermal Conversion 5. Hydrogen Production
(communities)

Table D.2: Categorization of the technological options considered for KOL13 along the axes of
sectoral integration (columns) and collectivity (rows).
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E Extension: Long-list of decision criteria

Several semi-structured interviews and informal consultations were held with the project’s
stakeholders to elucidate the decision criteria that mattered to them in the selection of an
energy system design for KOL13. This resulted in a long-list of criteria, given in table E.1.

Stakeholder Mentioned decision criteria
Wageningen University Business case for farmers (payback period)
and Research Climate impact (per unit of milk)

Fit with existing infrastructure (not specified)
Societal costs for grid reinforcements
Global system costs for all involved actors
Institutional fit with Regionale Energiestrategie (RES)
Fairness in the distribution of costs and benefits

Projecten LTO Noord Business case for farmers (return on investment)
Agricultural land use
Global system costs for all involved actors
Climate impact (per agricultural firm)

Noardlike Fryske Wâlden Ease of adoption of the system for farmers
Agricultural land use
Climate impact (per agricultural firm)
Institutional fit with Regionale Energiestrategie (RES)
Business case for farmers (return on investment)
Public image of farmers
Fairness in the distribution of costs and benefits

Alliander Energy return on investment (EROI)
Realisation time (makeability)
Climate impact (whole system)
Geopolitical dependence on fossil resources
Business case for collectives (return on investment)
Institutional fit with Regionale Energiestrategie (RES)
Agricultural land use
Impact of the system on grid tariffs of end-consumers
Societal costs for grid reinforcement
Reliability of the power system
Social acceptability of the solution
Democracy of the decision-making process

Gemeente Noardeast Fryslân Institutional fit with Regionale Energiestrategie (RES)
Ease of siting and permitting

Provinsje Fryslân Visual pollution of the Frisian landscape
Social acceptance of the system
Fairness in the distribution of costs and benefits
Climate impact (whole system)
Societal costs for grid reinforcement (grid tariffs)

Farmers Business case for farmers (total cost of ownership)
Climate impact (per unit of milk)
Impact on farm processes
Local ownership

Enerzjy Koöperaasje Westergeast Local ownership

Table E.1: Long-list of decision criteria as mentioned by stakeholder representatives during the
semi-structured interviews and informal consultations listed in Appendix C.
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F Extension: Power Flow Analysis of the technological op-
tions

Grid reinforcement and reconfiguration

This section gives schematic overviews of the grid reinforcement and reconfiguration options
described in section 7.1.

Figure F.1: Schematic representation of cable doubling, where (segments of) a MV cable are
doubled, lowering the cable’s total impedance.

Figure F.2: Schematic representation of circuit extension, where the Normally Open Point
(NOP) between two cables is moved to change the total length of the trajectories of both
cables.

Figure F.3: Schematic representation of leapfrogging, where an existing MV cable is split into
two parts by switching a NOP. The second part of the cable is connected to a MV substation.
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Technological option 1: Business as Usual

When 2.6 MWp of solar capacity is installed on KOL13 without curtailing production or
installing a PQ-scheme - as is the case in the Business as Usual option - the voltage levels in
the MV/LV substation are pushed up beyond statutory limits most times of the year (see table
F.1). Additionally, the new generation capacity causes overloading of the booster transformers
at CS Buitenpost in summer. The development of booster loading (expressed in % of nominal
transformer capacity) is given in figure F.4. In summer, transformer loading exceeds 100%
for roughly four hours per day and reaches loading levels of 116%. In winter, the Buitenpost
booster transformers are not overloaded. To reduce voltage levels and transformer loading,
four grid reinforcement options were simulated in Vision. The effects of these reinforcement
options on KOL13 voltage levels are given in F.2.

The first grid reinforcement option that was considered was to install a new circuit parallel to
KOL13 along its entire trajectory. This was done by installing a twin cable next to the existing
cable. A circuit extension was modelled as well, where the trajectory of KOL12 was extended
and the trajectory of KOL13 shortened. KOL12 is fed from SS Kollum and connects to KOL13
with a cable segment between MV/LV substation Stienfeksterwei 30 (KOL13) and Stienfek-
sterwei bij 15 (KOL12). To extend the trajectory of KOL12, the NOP between Stienfeksterwei
30 and Stienfeksterwei bij 15 was closed. The switch between MV/LV substation Wouddijk 6
and Wouddijk F15 was opened to shorten KOL13’s trajectory. In the third option - leapfrog-
ging - a new 3x120Cu GPLK 10.5 kV cable was laid from SS Kollum to KOL13’s MV/LV
substation Walddyk 7, which is a MV/LV substation roughly halfway through KOL13’s length
that is geographically close to SS Kollum. The switch between MV/LV substation Westeregen
and Dellenswei was opened, effectively splitting KOL13 in two segments both fed individually
by SS Kollum. The fourth and final option for grid reinforcement was the replacement of the
booster transformer at CS Buitenpost by a new transformer with higher capacity (24 MVA
instead of 18 MVA) and more taps (22 instead of 11).

MV/LV substation Summer operation Winter operation
Vmin Vmax Vmin Vmax

1. V. Limburg Stirumweg 18 GE 10.33 11.32 10.34 10.89
2. Tollingas./V Heemstral 10.33 11.34 10.34 10.90
3. De Anjen T/O 75 10.32 11.38 10.35 10.91
4. Allemawei bij 9 10.30 11.59 10.35 10.91
5. De Wygeast 37 10.29 11.70 10.33 11.06
6. De Wygeast bij 61 10.29 11.77 10.32 11.09
7. Westeregen 10.27 11.92 10.30 11.18
8. Dellenswei 10.27 11.96 10.29 11.20
9. Walddyk 7 10.27 11.96 10.29 11.20
10. Wouddijk 6 10.26 11.97 10.29 11.21
11. Wouddijk 15 AFT 10.26 12.00 10.29 11.22
12. Wouddijk F15 10.26 12.01 10.29 11.23
13. Wouddijk 13 10.26 12.00 10.28 11.22
14. Walddyk 5 10.26 12.00 10.28 11.22
15. Stienfeksterwei 30 10.25 12.00 10.28 11.22

Table F.1: Minimum and maximum voltage levels on KOL13 per MV/LV substation for a day
in summer (July 1st) and in winter (January 1st) in the Business as Usual case.
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Figure F.4: Booster transformer loading in % of nominal transformer capacity for the unrein-
forced Business as Usual case.

MV/LV substation double cable circuit extension leapfrogging replace booster
transformer

Vs Vw Vs Vw Vs Vw Vs Vw

(kV) (kV) (kV) (kV) (kV) (kV) (kV) (kV)
V. Limburg Stirumweg 18 GE 11.34 10.91 11.32 10.89 11.32 10.89 10.85 10.75
Tollingas./V Heemstral 11.35 10.91 11.34 10.89 11.33 10.89 10.87 10.76
De Anjen T/O 75 11.36 10.92 11.36 10.90 11.36 10.90 10.90 10.77
Allemawei bij 9 11.48 10.97 11.55 10.98 11.50 10.96 11.13 10.85
De Wygeast 37 11.53 10.99 11.63 11.02 11.57 10.98 11.24 10.89
De Wygeast bij 61 11.57 11.01 11.69 11.05 11.62 11.00 11.32 10.91
Westeregen 11.63 11.05 11.77 11.09 11.65 11.02 11.43 10.97
Dellenswei 11.65 11.06 11.79 11.10 11.38 10.93 11.48 11.00
Walddyk 7 11.65 11.06 11.78 11.10 11.33 10.90 11.48 10.99
Wouddijk 6 11.65 11.06 11.79 11.10 11.39 10.93 11.49 11.00
Wouddijk 15 AFT 11.67 11.07 11.66 11.11 11.41 10.94 11.51 11.01
Wouddijk F15 11.67 11.07 11.68 11.12 11.43 10.95 11.53 11.02
Wouddijk 13 11.67 11.07 11.63 11.10 11.42 10.95 11.52 11.02
Walddyk 5 11.67 11.07 11.61 11.08 11.42 10.95 11.52 11.01
Stienfeksterwei 30 11.67 11.07 11.60 11.07 11.42 10.94 11.52 11.01

Table F.2: Maximum voltage levels in kV on KOL13 per MV/LV substation for a day in
summer (July 1st) and in winter (January 1st) in the Business as Usual case, for the different
grid reinforcement options. Vs is the maximum reported voltage in summer in kV; Vw the
maximum voltage in winter.

As table F.1 shows, none of the reinforcement options caused voltages to drop below the 9.7 kV
level, courtesy of the booster transformer at CS Buitenpost. Maximum voltages of the MV/LV
substations, however, exceeded the 11.1 kV level in all cases of grid reinforcement. Therefore,
none of the grid reinforcements individually could solve the voltage problems on KOL13 in
the Business as Usual case. Furthermore, the capacity problem of the booster transformer at
CS Buitenpost could only be solved by replacing the transformer - in all other reinforcement
options, the transformer loading remained the same. Therefore, a combination of booster
transformer replacement and leap frogging was considered. Table F.3 reports the voltage levels
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resulting from these reinforcements for both summer and winter operation. Overvoltage is
not completely negated in summer. Therefore, KOL13 was doubled between SS Kollum and
MV/LV substation Westeregen. The impact of this is given in table F.4.

MV/LV substation Summer operation Winter operation
Vmin Vmax Vmin Vmax

(kV) (kV) (kV) (kV)
1. V. Limburg Stirumweg 18 GE 10.34 10.84 10.34 10.70
2. Tollingas./V Heemstral 10.34 10.86 10.34 10.70
3. De Anjen T/O 75 10.33 10.88 10.34 10.70
4. Allemawei bij 9 10.32 11.03 10.35 10.76
5. De Wygeast 37 10.32 11.10 10.36 10.78
6. De Wygeast bij 61 10.32 11.15 10.36 10.80
7. Westeregen 10.32 11.18 10.36 10.82
8. Dellenswei 10.33 10.89 10.36 10.72
9. Walddyk 7 10.34 10.84 10.35 10.70
10. Wouddijk 6 10.33 10.91 10.36 10.73
11. Wouddijk 15 AFT 10.34 10.93 10.36 10.74
12. Wouddijk F15 10.32 10.95 10.37 10.75
13. Wouddijk 13 10.32 10.94 10.36 10.75
14. Walddyk 5 10.32 10.94 10.36 10.74
15. Stienfeksterwei 30 10.32 10.94 10.36 10.74

Table F.3: Minimum and maximum voltage levels in kV on KOL13 per MV/LV substation for
a day in summer (July 1st) and in winter (January 1st) in the Business as Usual case, given
the replacement of the booster transformer at CS Buitenpost and the leapfrogging of KOL13
from SS Kollum to MV/LV substation Walddyk 7.

MV/LV substation Summer operation
Vmax

(kV)
V. Limburg Stirumweg 18 GE 10.85
Tollingas./V Heemstral 10.80
De Anjen T/O 75 10.87
Allemawei bij 9 10.95
De Wygeast 37 10.98
De Wygeast bij 61 11.01
Westeregen 11.02
Dellenswei 10.92
Walddyk 7 10.87
Wouddijk 6 10.93
Wouddijk 15 AFT 10.95
Wouddijk F15 10.97
Wouddijk 13 10.96
Walddyk 5 10.96
Stienfeksterwei 30 10.96

Table F.4: Maximum voltage levels in kV on KOL13 per MV/LV substation for a day in summer
(July 1st) in the Business as Usual case, in case the replacement of the booster transformer is
combined with leapfrogging and cable doubling.

Technological option 2: DNO Toolkit

The application of PV curtailment and a PQ-sheme on the PV inverters in the DNO Toolkit
option significantly lowered the voltage levels on KOL13 compared to the Business as Usual case
(see table F.5). In summer, voltage levels dropped from the 12.0 kV reported for Business as
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Usual to roughly 11.4 kV, and, in winter, voltage issues were eradicated entirely. Nevertheless,
voltage levels were too high and were coupled with overloading of the booster transformer at
CS Buitenpost (maximum 109%). The four same grid reinforcements considered for Business
as Usual were modelled for the DNO Toolkit case, too. The resultant maximum voltage levels
in summer are reported in table F.6. Since voltage levels in winter were already well below the
11.1 kV levels before reinforcement, they are not reported here.

MV/LV substation Summer operation Winter operation
Vmin Vmax Vmin Vmax

(kV) (kV) (kV) (kV)
1. V. Limburg Stirumweg 18 GE 10.29 11.09 10.27 10.77
2. Tollingas./V Heemstral 10.29 11.09 10.27 10.78
3. De Anjen T/O 75 10.29 11.11 10.27 10.79
4. Allemawei bij 9 10.27 11.20 10.29 10.88
5. De Wygeast 37 10.26 11.25 10.29 10.92
6. De Wygeast bij 61 10.25 11.28 10.30 10.96
7. Westeregen 10.23 11.35 10.32 11.03
8. Dellenswei 10.23 11.37 10.33 11.05
9. Walddyk 7 10.23 11.37 10.33 11.05
10. Wouddijk 6 10.23 11.37 10.33 11.06
11. Wouddijk 15 AFT 10.22 11.38 10.33 11.07
12. Wouddijk F15 10.22 11.39 10.33 11.08
13. Wouddijk 13 10.22 11.39 10.32 11.07
14. Walddyk 5 10.22 11.39 10.32 11.07
15. Stienfeksterwei 30 10.22 11.39 10.32 11.07

Table F.5: Minimum and maximum voltage levels on KOL13 per MV/LV substation for a day
in summer (July 1st) and in winter (January 1st) in the case DNO Toolkit is applied
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Figure F.5: Booster transformer loading in % of nominal transformer capacity for the unrein-
forced DNO Toolkit case.

105



MV/LV substation double cable circuit extension leapfrogging replace booster
transformer

Vmax Vmax Vmax Vmax

(kV) (kV) (kV) (kV)
V. Limburg Stirumweg 18 GE 11.11 11.09 11.10 10.71
Tollingas./V Heemstral 11.12 11.10 11.11 10.72
De Anjen T/O 75 11.13 11.11 11.12 10.74
Allemawei bij 9 11.18 11.19 11.18 10.87
De Wygeast 37 11.21 11.23 11.22 10.94
De Wygeast bij 61 11.23 11.26 11.24 10.99
Westeregen 11.27 11.30 11.26 11.08
Dellenswei 11.27 11.31 11.14 11.11
Walddyk 7 11.28 11.31 11.11 11.11
Wouddijk 6 11.28 11.31 11.14 11.12
Wouddijk 15 AFT 11.29 11.30 11.16 11.13
Wouddijk F15 11.29 11.31 11.71 11.14
Wouddijk 13 11.29 11.29 11.16 11.14
Walddyk 5 11.29 11.27 11.16 11.14
Stienfeksterwei 30 11.29 11.27 11.16 11.14

Table F.6: Maximum voltage levels in kV on KOL13 per MV/LV substation for a day in
summer (July 1st) in the DNO Toolkit case, for the different grid reinforcement options.

As table F.6 demonstrates, the application of one singular grid reinforcement option does not
decrease voltages below the 11.1 kV mark. The replacement of the booster transformer is
the only reinforcement option that tackles both voltage levels and booster overloading at the
same time; therefore, it must be combined with one of the other reinforcement options to push
voltages below the 11.1 kV level. The lowest-cost option is to combine the replacement of the
booster transformer with a circuit extension of cable KOL12. To this end, the NOP between
KOL12 and KOL13 was opened and moved to the cable between MV/LV substation Wouddijk
6 and Wouddijk 15 AFT. The impact of this measure on KOL13 voltage levels is given in table
F.7.

MV/LV substation Summer operation
Vmax

(kV)
V. Limburg Stirumweg 18 GE 10.73
Tollingas./V Heemstral 10.73
De Anjen T/O 75 10.75
Allemawei bij 9 10.86
De Wygeast 37 10.92
De Wygeast bij 61 10.96
Westeregen 11.02
Dellenswei 11.04
Walddyk 7 11.04
Wouddijk 6 11.04
Wouddijk 15 AFT 11.01
Wouddijk F15 11.02
Wouddijk 13 10.99
Walddyk 5 10.98
Stienfeksterwei 30 10.97

Table F.7: Maximum voltage levels in kV on KOL13 per MV/LV substation for a day in
summer (July 1st) in the DNO Toolkit case, in case the replacement of the booster transformer
is combined with a circuit extension of KOL12.
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Technological option 3: Big Battery

To model the (dis)charge regime for the 6MWh battery throughout the year, a (dis)charge
profile was assigned on the basis of daily solar irradiation. The battery was operated with a
constant output power of 1.5 MW irrespective of the time of year. This (dis)charge profile is
shown for all months of the year in figure F.6. As the figure shows, in summer, the battery
starts charging earlier in the morning, and continues to charge for a longer period of time than
in winter to reduce voltage peaks. The battery capacity was chosen in such a way that the
battery could store the full daily solar peak in summer. To analyze the impact of the 6MWh
battery, the voltage levels were analyzed on a per-month and per-MV/LV substation basis.
The outcomes of this are given in tables F.8 and F.9, respectively.
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Figure F.6: Standardized solar irradiation and battery (dis)charge profiles for all months of
the year
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No Q(U) scheme Q(U) scheme
month Vmin Vmax booster loading Vmin Vmax booster loading

(kV) (kV) (%) (kV) (kV) (%)
January 9.62 11.01 60% 9.72 10.91 60%
February 9.73 10.83 72% 9.73 10.83 73%
March 9.87 11.07 88% 9.93 10.95 88%
April 9.77 11.09 93% 9.84 10.98 93%
May 9.95 11.07 90% 9.82 11.04 90%
June 10.02 11.09 93% 10.05 11.00 93%
July 10.05 11.19 100% 10.08 11.05 100%
August 9.94 11.12 97% 9.98 11.00 98%
September 9.94 11.11 98% 9.98 11.02 99%
October 9.67 11.14 98% 9.76 11.04 98%
November 9.82 11.08 92% 9.88 10.98 93%
December 9.84 10.94 70% 9.76 10.88 70%

Table F.8: Minimum and maximum voltage levels (Vmin and Vmax, respectively) on KOL13
for different months of the year for the big battery option. The table reports voltages for both
the conditions where the Q(U) scheme is (not) applied. The table also indexes the maximum
loading of the booster transformer at CS Buitenpost on a per-month basis.

MV/LV substation No Q(U) scheme Q(U) scheme
January July January July

Vmin Vmax Vmin Vmax Vmin Vmax Vmin Vmax

(kV) (kV) (kV) (kV) (kV) (kV) (kV) (kV)
V. Limburg Stirumweg 18 GE 10.32 10.76 10.36 11.16 10.41 10.74 10.46 11.04
Tollingas./V Heemstral 10.32 10.75 10.36 11.16 10.40 10.74 10.46 11.04
De Anjen T/O 75 10.32 10.75 10.36 11.16 10.40 10.73 10.46 11.04
Allemawei bij 9 10.30 10.80 10.36 11.18 10.37 10.73 10.47 11.05
De Wygeast 37 10.25 10.84 10.36 11.19 10.32 10.75 10.47 11.05
De Wygeast bij 61 10.21 10.87 10.36 11.19 10.29 10.78 10.47 11.05
Westeregen 10.00 10.96 10.30 11.10 10.09 10.86 10.38 10.97
Dellenswei 9.92 10.98 10.30 11.09 10.01 10.88 10.33 11.00
Walddyk 7 9.92 10.98 10.30 11.09 10.01 10.88 10.33 11.00
Wouddijk 6 9.87 10.99 10.25 11.10 9.96 10.89 10.28 11.01
Wouddijk 15 AFT 9.78 11.00 10.18 11.12 9.87 10.90 10.21 11.02
Wouddijk F15 9.78 11.01 10.18 11.11 9.88 10.91 10.23 11.03
Wouddijk 13 9.63 11.01 10.05 11.12 9.72 10.91 10.08 11.03
Walddyk 5 9.62 11.01 10.05 11.12 9.72 10.90 10.08 11.03
Stienfeksterwei 30 9.62 11.01 10.05 11.12 9.72 10.90 10.08 11.03

Table F.9: Minimum and maximum voltage levels on KOL13 per MV/LV substation for a day
in summer (July 1st) and in winter (January 1st) in the case Big Battery is applied. Both cases
where the Q(U) scheme is (not) applied are indexed.

Technological option 4: Thermal Conversion

The three heat pump compressors applied in this technological option operate with 60-minute
duty cycles that are time-shifted 20 minutes relative to one another. This is shown in figure
F.7. The top duty cycle was applied to the first heat pump with a 1.1 MW, 0.51 MVAr power
requirement. The middle and bottom duty cycles were applied to the two compressors of
the second 2.4 MW, 1.12 MVar heat pump. The duty cycles given in figure F.7 are applied
differently throughout the year, depending on the heat demand of the local households, as well
as the solar irradiation peak. This dependence is visually shown in figure F.8.
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Figure F.7: Graphical representation of the duty cycles of the three heat pump compressors in
technological option Thermal Conversion. The duty cycles are time-shifted 20 minutes relative
to each other. The top duty cycle was applied to heat pump 1 connected to MV/LV substation
De Anjen T/O 75. The middle and bottom duty cyles were applied to the two compressors of
heat pump 2 connected to MV/LV substation De Wygeast 37.
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Figure F.8: Graphical representation of the relationship between combined heat pump op-
eration, household heat demand and PV generation for (a) winter operation (January) and
(b) summer operation (July). Both the heat demand and PV generation profiles have been
standardized.
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A power flow analysis was executed for each month of the year in the Thermal Conversion
option to check minimum and maximum voltages, as well as index overloading on the cable
segment between MV/LV substation De Anjen T/O 75 and MV/LV substation De Wygeast
37. The results of this are given in table F.10. Further, the minimum and maximum reported
voltages per MV/LV substation for both summer and winter operation were indexed. This is
done in table F.11.

Unreinforced Reinforced and Q(U) scheme
month Vmin Vmax cable loading Vmin Vmax cable loading

(kV) (kV) (%) (kV) (kV) (%)
January 9.41 11.18 150% 9.86 10.99 68%
February 9.41 10.91 152% 9.85 10.74 68%
March 9.45 10.86 152% 9.77 10.82 69%
April 9.54 11.03 144% 9.97 10.92 68%
May 9.59 10.97 142% 10.00 10.97 66%
June 9.67 11.02 141% 9.92 10.93 65%
July 9.58 11.14 140% 9.99 11.02 64%
August 9.56 11.10 144% 9.92 10.99 65%
September 9.49 11.12 146% 9.86 11.01 66%
October 9.44 11.10 148% 9.90 11.01 67%
November 9.44 11.30 149% 9.82 11.09 68%
December 9.43 10.91 150% 9.84 10.92 68%

Table F.10: Minimum and maximum voltage levels (Vmin and Vmax, respectively) on KOL13
for different months of the year for the Thermal Conversion option. The table reports voltages
for the unreinforced condition as well as the reinforced and Q(U) scheme condition. The
table also indexes the maximum loading of the cable segment between MV/LV substation De
Wygeast 37 and De Anjen T/O 75 on a per-month basis.

MV/LV substation Unreinforced Reinforced and Q(U) scheme
January July January July

Vmin Vmax Vmin Vmax Vmin Vmax Vmin Vmax

(kV) (kV) (kV) (kV) (kV) (kV) (kV) (kV)
V. Limburg Stirumweg 18 GE 10.11 10.84 10.21 10.93 10.22 10.75 10.19 10.84
Tollingas./V Heemstral 10.07 10.95 10.17 10.92 10.19 10.76 10.17 10.83
De Anjen T/O 75 10.01 10.86 10.12 10.91 10.15 10.77 10.13 10.81
Allemawei bij 9 9.66 10.96 9.78 10.91 9.99 10.81 10.02 10.81
De Wygeast 37 9.47 11.01 9.61 10.91 9.90 10.83 9.96 10.80
De Wygeast bij 61 9.46 11.04 9.61 10.96 9.89 10.87 9.99 10.85
Westeregen 9.43 11.13 9.59 11.07 9.88 10.94 10.00 10.95
Dellenswei 9.43 11.15 9.59 11.10 9.87 10.97 10.00 10.98
Walddyk 7 9.43 11.15 9.59 11.10 9.87 10.97 10.00 10.98
Wouddijk 6 9.42 11.16 9.58 11.11 9.87 10.97 10.00 10.99
Wouddijk 15 AFT 9.42 11.17 9.58 11.13 9.87 10.98 9.99 11.01
Wouddijk F15 9.42 11.18 9.58 11.14 9.87 10.99 9.99 11.02
Wouddijk 13 9.42 11.17 9.58 11.14 9.86 10.99 9.99 11.01
Walddyk 5 9.41 11.17 9.58 11.13 9.86 10.98 9.99 11.01
Stienfeksterwei 30 9.41 11.17 9.58 11.13 9.86 10.98 9.99 11.01

Table F.11: Minimum and maximum voltage levels on KOL13 per MV/LV substation for a
day in summer (July 1st) and in winter (January 1st) in the Thermal Conversion option. Both
the unreinforced and the reinforced and Q(U) scheme conditions are considered.

Technological option 5: Hydrogen production

In technological option 5, several grid components must be operated in concert: electrolyzer
operation depends on solar irradiation and wind speeds; heat pump operation depends on

110



household heat demand and electrolyzer operation; and battery operation depends on elec-
trolyzer operation. The operational profiles for these components are given in figure F.9 for a
day in January and July.
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Figure F.9: Graphical representation of the relationship between electrolyzer operation, com-
bined heat pump operation, battery operation, household heat demand and PV generation for
(a) winter operation (January 1) and (b) summer operation (July 1).

The electrolyzer draws different powers throughout the year, dependent on the intensity of
solar irradiation. Table F.12 indexes the power levels drawn for each month of the year.

month % of Pnom month % of Pnom

January 50% July 100%
February 50% August 100%
March 60% September 90%
April 70% October 90%
May 80% November 70%
June 90% December 60%

Table F.12: Power drawn by electrolyzer in all months of the year in % of nominal power (Pnom
= 2 MW).

A PFA was executed for each month of the year in the Hydrogen Production option to check
minimum and maximum voltages, as well as index overloading of the booster transformer at CS
Buitenpost. The results of this are given in table F.13. Further, the minimum and maximum
reported voltages per MV/LV substation for both summer and winter operation were indexed.
This is done in table F.14
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No batteries Batteries and Q(U) scheme
month Vmin Vmax booster loading Vmin Vmax booster loading

(kV) (kV) (%) (kV) (kV) (%)
January 9.86 10.80 59% 9.98 10.79 59%
February 9.78 10.83 72% 9.89 10.78 72%
March 9.84 10.97 86% 9.86 10.88 87%
April 10.22 11.56 100% 10.25 10.99 95%
May 10.40 11.50 97% 10.33 10.95 91%
June 10.38 11.51 99% 10.35 10.93 93%
July 10.35 11.60 106% 10.36 11.02 100%
August 10.35 11.55 103% 10.27 10.98 97%
September 10.33 11.60 105% 10.25 11.07 99%
October 9.73 11.09 95% 9.84 10.98 95%
November 9.72 11.07 90% 9.83 10.96 91%
December 9.83 10.90 68% 9.94 10.82 69%

Table F.13: Minimum and maximum voltage levels (Vmin and Vmax, respectively) on KOL13
for different months of the year for the Hydrogen Production option. The table reports voltages
for the condition where the batteries are not applied, as well as the situation where the batteries
and the Q(U) scheme are applied. The table also indexes the maximum loading of the booster
transformer on a per-month basis.

MV/LV substation No batteries Batteries and Q(U) scheme
January July January July

Vmin Vmax Vmin Vmax Vmin Vmax Vmin Vmax

(kV) (kV) (kV) (kV) (kV) (kV) (kV) (kV)
V. Limburg Stirumweg 18 GE 10.21 10.73 10.43 11.24 10.29 10.73 10.45 11.01
Tollingas./V Heemstral 10.18 10.74 10.43 11.25 10.27 10.73 10.45 11.01
De Anjen T/O 75 10.13 10.76 10.42 11.27 10.22 10.75 10.44 11.00
Allemawei bij 9 9.99 10.80 10.40 11.33 10.09 10.79 10.42 11.00
De Wygeast 37 9.90 10.80 10.39 11.37 10.00 10.79 10.41 11.01
De Wygeast bij 61 9.90 10.79 10.39 11.42 10.00 10.78 10.41 11.01
Westeregen 9.88 10.77 10.37 11.53 9.99 10.76 10.40 11.02
Dellenswei 9.88 10.77 10.37 11.56 9.99 10.76 10.39 11.02
Walddyk 7 9.88 10.77 10.37 11.56 9.99 10.76 10.39 11.02
Wouddijk 6 9.87 10.77 10.30 11.57 9.98 10.75 10.39 11.00
Wouddijk 15 AFT 9.87 10.76 10.36 11.58 9.98 10.75 10.38 10.99
Wouddijk F15 9.87 10.76 10.36 11.60 9.98 10.75 10.38 11.00
Wouddijk 13 9.86 10.76 10.36 11.59 9.98 10.75 10.38 10.98
Walddyk 5 9.86 10.76 10.35 11.59 9.98 10.74 10.36 10.98
Stienfeksterwei 30 9.86 10.76 10.35 11.59 9.98 10.74 10.36 10.98

Table F.14: Minimum and maximum voltage levels on KOL13 per MV/LV substation for a
day in summer (July 1st) and in winter (January 1st) in the case of Hydrogen Production. Two
situations are considered: the condition where the batteries are not applied in summer, and
the condition where both the batteries and the Q(U) scheme are applied.
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G Extension: Development of the performance matrix

In step 5 of the MCDA, the performance matrix was established. The performance matrix is
a table showing the criterion scores of each of the technological options considered for KOL13.
The full performance matrix for KOL13 is given in table 8.1. This appendix provides back-
ground information and calculations on how the scores in this table have come about.

Quantitative Indicators

Renewable energy production

The first step in the evaluation of each technological options for KOL13 was to establish
the amount of renewable energy produced in each option, expressed in % of total energy
demand. The total annual energy demand for KOL13 was established in section 4.3 and
appendix B, and totalled 63,520 MWh (1920 MWh electricity; 56,500 MWh gas; 5100 MWh
diesel). The calculation of the total renewable production per technological option required
the establishment of the capacity factors of solar panels, wind turbines, electrolyzers and heat
pumps. The capacity factor for solar PV was assumed to be 10.3% conform Dutch averages
(Huber, Dimkova, & Hamacher, 2014; Graabak & Korpas, 2016); the capacity factor for on-
shore wind was assumed to be 40% (Graabak & Korpas, 2016; Huber et al., 2014). The
capacity factor for the heat pumps and electrolyzer were determined from the operational
profiles developed for the PFA in sections 7 and F. The capacity factors for the heat pumps
and electrolyzer were taken to be 39% and 54%, respectively (see table G.1).

To compute total renewable electricity production, the following equation was used:

REe = Pe · Ce · 8760 ·K (H.1)

with REe the renewable electricity production in kWh, Pe the generation capacity in kW, and
C the capacity factor. K is a factor with a value between 0 and 1 detailing how much energy
is lost because of curtailment and the application of Q(U) and P(U) schemes (K = 0.95 in
case curtailment is combined with both Q(U) and P(U); K = 0.97 in case curtailment is only
combined with Q(U)). Similarly, the production of renewable heat and hydrogen, REh and
REH2 , was calculated using:

REh = Ph · Ch · 8760, (H.2)

REH2 = PH2 · CH2 · 8760 (H.3)

with Ph and PH2
the total heat and hydrogen production capacity in kW, respectively, and C

the capacity factor. To compute total renewable production for each technological option, the
outcomes of equations H.1, H.2 and H.3 were summed and divided by total energy demand,
i.e.

RE =
8760 · (PeCeK + PhCh + PH2

CH2
)

63, 520, 000
(H.4)

It must be noted that this equation does not distinguish between what type of energy is delivered
to meet total energy demand: one MWh of electricity is interchangeable for one MWh of heat.
To demonstrate the use of H.4, it is applied here to the Thermal Conversion option described
in section 5 and 7.3. In the thermal conversion option, 2139 MWh of electricity is produced
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by the solar panels (REe = 2.45 · 0.103 · 8760 · 0.97 = 2139). The heat pumps annually draw
11,960 MWh of electricity (REe = −3.5 · 0.39 · 8760 = 11960), meaning that total electricity
production is negative, i.e. 9821 MWh of electricity must be imported from the grid. The heat
pumps produce 34,200 MWh of thermal energy (REh = 10 · 0.39 · 8760 = 34200). Overall,
therefore, total renewable energy production is 24,379 MWh, or 38.4% of total energy demand.

Climate impact

In this study, the climate impact of the technological options is measured as a percentual
reduction of total CO2-equivalent emissions resulting from energy consumption. To account
for on-farm climate impacts and wider-area climate impacts, total energy demand in the KOL13
case was split in two parts: 6596 MWh of agricultural energy demand (564 MWh electricity;
932 MWh gas; 5100 MWh diesel) and 56,924 MWh of energy demand from non-agricultural
end-users (1357 MWh electricity; 55,568 MWh gas). By multiplying these figures by the carbon
dioxide equivalent intensities of the respective energy carriers (see table G.1), on-farm CO2-eq
emissions total 1947 metric tonnes, whereas wider-area emissions total 12168 tonnes.

Using these base-line emissions, the reduction of carbon dioxide equivalent emissions could
be calculated. This was done by multiplying the generated energy by its respective emission
intensity and dividing by total base-line emissions (Moro & Lonza, 2018). In these calculations,
it was assumed that energy produced on-farm (for instance by means of PV panels or wind
turbines) is used to fulfill on-farm energy demand first. The remainder is used to reduce the
climate impact in the broader area. Farm-level climate impacts were computed collectively,
i.e. no distinction was made between the climate impacts of individual firms.

To illustrate, the example of Thermal Conversion is taken again. The on-farm climate impact
in the Thermal Conversion scenario can be computed as follows: total on-farm electricity
demand is covered by the solution, which means that 563.5 ·0.450 = 254 tonnes CO2-equivalent
emissions are saved annually. This is 13.0% of total GHG emissions resulting from on-farm
energy demand. In the surrounding area, 2442 tonnes (20.1%) of emissions are saved.

Realisation time

The realisation time for each of the technological options was based on the maturity of the
technologies considered in each of the options; as well as the time required to realize grid
reinforcements, if any. The estimations for realisation time were based on Alliander’s best
practices (Maarten van Blijderveen, consultant at Qirion, personal conversation on 05-07-
2019), as well as data provided by Netbeheer Nederland (2019). To illustrate, technological
option 1 (Business as Usual) is considered. The rate determining step for the realisation of
this option is the installation of the new MV cables. Netbeheer Nederland (2019) estimates
this process to take anywhere between 6 and 36 months. In this study, the average of this was
taken at 21 months. Five extra months of realisation time were considered for the preparation
of the installation, yielding a total realisation time of 2.2 years. In case of more integral
options (Thermal Conversion and Hydrogen Production), realisation times were based more
on technological maturity of heat grid and electrolyzer technology, yielding expected realization
times of 5 and 10 years, respectively.

Business case and infrastructure costs

After the establishment of the total renewable energy production and climate impact, the
business case and total infrastructure costs could be computed. The first step for both these
indicators was to establish what investments were made by the farmers, and what investments
were made by grid operators. As discussed in chapter 5, in all options, the farmers invested
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in PV(T) panels and on-farm wind turbines. Additionally, it is assumed that in option 3 the
farmers jointly invest in a 6MWh Li-ion battery; and in option 5, they jointly purchase the
electrolyzer. The rest of the infrastructure costs (e.g. costs of grid reinforcements, costs for
heat pump, heat grid, etc.) are accounted for by the grid operator. Table G.1 indexes the
unit costs for the energy assets considered in this study. These key figures were provided by
consultants at Alliander.

The costs for the grid operator consist of reinforcement costs to the electricity grid and costs for
new assets such as heat pumps, heat storage and heat grids. To illustrate, again, the Thermal
Conversion option is used. As shown in section 7.3, a small segment of KOL13 had to be
reinforced in the Thermal Conversion option. The segment has a length of 3060 meter, which
translates to a total reinforcement costs of e765,000. Additionally, the Thermal Conversion
scenario required investment in a heat pump, a heat grid, and a thermal buffer. Assuming a
storage capacity of 15,000 MWhth, a heat pump capacity of 10 MWth, and a heat grid servicing
800 households, total costs for these assets are e20,985,000. Overall grid operator costs then
become e21,750,000 for the Thermal Conversion scenario.

As mentioned in section 6 and appendix A, the scope of the present study did not accommo-
date the execution of elaborate cost-benefit analyses. Therefore, the evaluation of the business
case for farmers was simplified to a calculation of the pay-back period in years, which assumed
that all farmers invested together and benefitted equally. The computation of the pay-back
period excluded necessary funds for capital (i.e. rent, interest), as well as energy taxes, liq-
uidity requirements, and discount rates. The costs for new grid connections were also ignored,
assuming the KOL13 farmers already had a big 3x80A connection that could accommodate
the supply of energy. As such, the pay-back period could be calculated following:

Payback period = realisation time +
upfront investment
annual cash flow

(H.5)

In this study, the upfront investments consist of all energy generation, conversion and storage
technologies bought by the farmers: this includes PV(T) panels, wind turbines, the Li-ion bat-
tery in technological option Big Battery, and the electrolyzer in technological option Hydrogen
Production. It is assumed that the upfront investments are made at the start of the project
(in the year 0) so that farmers can enjoy the existing SDE+ scheme.

The annual cash flow consists of four elements: (1) the reduction of on-farm energy costs
resulting from self-consumption of generated electricity and heat; (2) income from energy sold
to the grid at a price equal to the feed-in fee (electricity) or market price (gas, hydrogen; see
table G.1), (3) income from the SDE+ scheme, where the compensation per kWh depends
on technology type (see table G.1), and (4) any energy costs required to operate the farmers’
energy technologies. The total annual cash flow is the sum of these four elements.

To illustrate, the Hydrogen Production option is considered here. In this option, the farmers
jointly invest in 2.45 MWe of PVT panels, a 1MW wind turbine, and a 2MW electrolyzer.
Following the key figures in table G.1, total up-front investment costs equal e6,657,000. This
investment is done in year 1 - considering the realisation time for the electrolyzer of 10 years,
the farmers will start to earn from their investment in year 11. The first element of the
annual cash flow is the reduction of on-farm energy costs resulting from the self-consumption
of generated electricity and heat. In this technological option, all on-farm electricity and gas
demands can be foregone. Taking the market prices for electricity and gas, this leads to an
annual benefit of roughly e98,000. Additionally, the farmers will be able to benefit from the
SDE+ scheme. As of 2019, no SDE+-support is in place for an integrated PVT system: the
scheme only accommodates solar electricity or solar thermal production. It is assumed here
that the farmers will apply for SDE+-support for the heat produced with their PVT panels.
Additionally, they will receive SDE+-support for their 1MW wind turbine. Considering total
production from these installations, annual subsidy support will total e717,000, starting after
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realization in year 11. A third source of income is the sale of excess energy flows to the grid. For
electricity, a feed-in fee of e0.08 is considered, leading to a total income of e501,500, starting
in year 11. The sale of excess heat delivers an additional revenue of e956,600. Finally, the sale
of hydrogen - assuming a hydrogen price of e0.069 - will lead to a revenue of e457,000. Total
income from the sale of energy will therefore be e1,915,100. The revenues presented thus far
do not take into consideration that the electrolyzer has an energy requirement to operate. The
electrolyzer draws almost 10 GWh of electricity per year. Considering an electricity price of
e0.06, e567,700 must be subtracted from total annual benefits. Overall, annual revenues total
e2,162,400. The payback period then becomes 10 + e6,657,000

e2,162,400 = 13.1 years. This is rounded
down to 13 years.

Agricultural land use

The final quantitative indicator to be evaluated for each technological option is the agricultural
land use in m2. It is assumed that sub-soil energy infrastructures (ATES, heat grid, heat pump
wells) do not impact the function of the agricultural land, and these therefore have a footprint
of 0 m2. It is assumed that the PV(T) panels are all placed on farm roofs, and therefore also
have a land use of 0 m2. The small, 15 kW wind turbines used in technological option 3 are
assumed to have a land requirement of 5m2 each, whilst the large wind turbine is assumed to
require 30m2 (Miceli, 2012; Guo, Uang, Elgamal, & Prowell, 2011).

The Li-ion batteries that are used in technological option 3 and 5 are assumed to have a
volumetric energy density of 250 Wh/L (Ulvestad, 2018; Clean Energy Institute, 2019; Meeus,
2018). Considering the fact that the battery cells make up 20% of total installation size (the
rest is required for auxiliary equipment), and assuming an installation height of 2m, total land
use requirement is 60 m2 for a 6MWh battery and 50 m2 for a 5MWh battery. The heat pumps
and electrolyzer are considered to have a similar size at 50 m2 apiece (FuelCellToday, 2013).

Qualitative indicators

Visual impact

The assessment of the visual impact of each of the technological options was done on a scale
from 1 to 5, with 5 reflecting high impact and 1 reflecting low impact. Solutions that rely
on wind turbines are expected to visually pollute the environment more than solutions that
are integrated in existing infrastructures. The first two technological options - Business as
Usual and DNO Toolkit - both have a low visual impact of 1, since these options only require
the installation of solar panels on farmers’ roofs. In contrast, options 3, 4 and 5 require the
installation of other energy technologies that have a larger visual impact. In the Big Battery
option, 11 small wind turbines with a shaft height of 12m are installed in addition to a fairly
large battery installation. As such, its visual impact is 3. The Thermal Conversion option
requires the installation of two heat pumps, but no wind turbines are installed so its visual
impact is awarded 2. The Hydrogen Production option scores worst (5) on this criterion,
because it necessitates the installation of an electrolyzer, two heat pumps, two batteries, and
a large 1MW turbine.

116



It
em

C
at
eg
or
y

A
ss
um

pt
io
n

So
ur
ce
s

C
ap

ac
it
y
fa
ct
or
s

So
la
r
P
V

10
.3
%

(H
ub

er
et

al
.,
20
14
)

(G
ra
ab

ak
&

K
or
pa

s,
20
16
)

O
n-
sh
or
e
w
in
d

40
%

(H
ub

er
et

al
.,
20
14
)

(G
ra
ab

ak
&

K
or
pa

s,
20
16
)

H
ea
t
pu

m
ps

39
%

O
pe

ra
ti
on

al
pr
ofi

le
E
le
ct
ro
ly
ze
r

54
%

O
pe

ra
ti
on

al
pr
ofi

le

C
ar
bo

n
in
te
ns
it
ie
s

E
le
ct
ri
ci
ty

0.
45
0
t
C
O

2
-e
q/

M
W

h
(M

or
o
&

L
on

za
,2

01
8)

en
er
gy

ca
rr
ie
rs

G
as

0.
20
8
t
C
O

2
-e
q/

M
W

h
(E

ur
op

ea
n
E
nv

ir
on

m
en
t
A
ge
nc
y,

20
19
)

D
ie
se
l

0.
29
4
t
C
O

2
-e
q/

M
W

h
M
aa
rt
en

va
n
B
lij
de

rv
ee
n,

Q
ir
io
n

A
ss
et

co
st
s

C
ab

le
do

ub
lin

g
e
25
0/
m

(N
et
be

he
er

N
ed

er
la
nd

,2
01
9)

F
ie
ld

su
bs
ta
ti
on

e
10
0,
00
0

M
aa
rt
en

L
ev
er
t,
L
ia
nd

er
B
oo

st
er

tr
an

sf
or
m
er

e
50
0,
00
0

M
aa
rt
en

L
ev
er
t,
L
ia
nd

er
P
V

pa
ne

ls
e
85
0,
00
0/
M
W

e
M
aa
rt
en

va
n
B
lij
de

rv
ee
n,

Q
ir
io
n

O
n-
sh
or
e
w
in
d

e
85
0,
00
0/
M
W

e
M
aa
rt
en

va
n
B
lij
de

rv
ee
n,

Q
ir
io
n

L
i-i
on

ba
tt
er
y

e
60
0,
00
0/
M
W

h e
M
aa
rt
en

va
n
B
lij
de

rv
ee
n,

Q
ir
io
n

H
ea
t
pu

m
p

e
30
5,
00
0/
M
W

th
M
aa
rt
en

va
n
B
lij
de

rv
ee
n,

Q
ir
io
n

H
ig
h-
te
m
pe

ra
tu
re

st
or
ag
e

e
83
3/
M
W

h t
h

M
aa
rt
en

va
n
B
lij
de

rv
ee
n,

Q
ir
io
n

H
ea
t
gr
id

e
34
00
/h

om
e

M
aa
rt
en

va
n
B
lij
de

rv
ee
n,

Q
ir
io
n

P
V
T

pa
ne

ls
e
13
90
60
0/
M
W

e
M
aa
rt
en

va
n
B
lij
de

rv
ee
n,

Q
ir
io
n

E
le
ct
ro
ly
se
r

e
1,
20
0,
00
0/
M
W

e
M
aa
rt
en

va
n
B
lij
de

rv
ee
n,

Q
ir
io
n

E
ffi
ci
en

cy
C
O
P

he
at

pu
m
ps

2.
9

(P
ie
ch
ur
sk
ie

t
al
.,
20
17
)

an
d
pe

rf
or
m
an

ce
C
O
P

P
V
T

pa
ne

ls
5.
0

(Z
on

da
g,

20
17
)

E
ffi
ci
en

cy
he

at
tr
an

sf
er

10
0%

as
su
m
pt
io
n
(A

pp
en

di
x
A

E
ffi
ci
en

cy
el
ec
tr
ic
it
y
tr
an

sf
er

10
0%

as
su
m
pt
io
n
(A

pp
en

di
x
A

E
ffi
ci
en

cy
el
ec
tr
ol
yz
er

70
%

(P
as
cu
zz
ie

t
al
.,
20
16
)

E
ffi
ci
en

cy
L
i-i
on

ba
tt
er
y

70
%

M
aa
rt
en

va
n
B
lij
de

rv
ee
n,

Q
ir
io
n

E
ne

rg
y
co
st
s

E
le
ct
ri
ci
ty

pr
ic
e

e
0.
06
/k
W

h e
M
aa
rt
en

va
n
B
lij
de

rv
ee
n,

Q
ir
io
n

G
as

pr
ic
e

e
0.
06
9/
kW

h t
h

(V
el
th
ui
js
en

,2
01
8)

H
yd

ro
ge
n
pr
ic
e

e
0.
06
9/
kW

h
M
aa
rt
en

va
n
B
lij
de

rv
ee
n,

Q
ir
io
n

D
ie
se
lp

ri
ce

e
0.
11
2/
kW

h d
M
aa
rt
en

va
n
B
lij
de

rv
ee
n,

Q
ir
io
n

Fe
ed

-in
fe
e

e
0.
08
/k
W

h
(C

on
su
m
en
te
nb

on
d,

20
19
)

SD
E
+

P
V

(n
ot

gr
id
-c
on

ne
ct
ed

)
e
0.
03
2/
kW

h
(R

V
O
,2

01
9)

SD
E
+

P
V

(g
ri
d-
co
nn

ec
te
d)

e
0.
04
9/
kW

h
(R

V
O
,2

01
9)

SD
E
+

w
in
d
(n
ot

gr
id
-c
on

ne
ct
ed

)
e
0.
01
9/
kW

h
(R

V
O
,2

01
9)

SD
E
+

w
in
d
(g
ri
d-
co
nn

ec
te
d)

e
0.
01
9/
kW

h
(R

V
O
,2

01
9)

SD
E
+

re
ne

w
ab

le
he

at
P
V
T

e
0.
05
9/
kW

h
(R

V
O
,2

01
9)

SD
E
+

gr
an

t
du

ra
ti
on

15
ye
ar
s

(R
V
O
,2

01
9)

Table G.1: Assumptions performance matrix

Institutional fit with RES

The institutional fit of the technological options with the RES scheme was measured on a
−−− to + + + basis. As discussed in section 4.1, the RES scheme has three core points: (1)
sectoral integration of various energy sectors into one overall solution; (2) interaction between
and co-creation with local stakeholders to bring the energy solution about; and (3) export of
energy from rural areas to urban areas. Based on these points, the two technological options
that integrate multiple energy sectors - Thermal Conversion and Hydrogen Production - score
higher than the other three options. Because Hydrogen Production integrates more sectors than
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Thermal Conversion, they are evaluated + + + and ++, respectively. The options Business
as Usual and DNO Toolkit do not integrate multiple energy sectors and limit the required
collaboration between local stakeholders, and are therefore both rewarded a score of − − −.
The Big Battery scenario allows more collaboration and also presents opportunities for energy
export, and therefore, it scores −.

Ease of Adoption

Like the previous indicator, ease of adoption for farmers is measured on a scale ranging between
−−− and + + +. It is presumed to be easier to adopt a technological option when its capital
requirement is lower and individual farmers do not have to make collective investment decisions.
On the basis of this, both Business as Usual and DNO Toolkit are expected to be easy to adopt
because it allows individual farmers relative freedom to invest in PV panels independently.
Both options are therefore evaluated as + + +. Similarly, in the Thermal Conversion option,
farmers can individually place solar panels on their roofs, but coordination with grid operators
and governmental organizations will be required to organize the installation of the heat pumps,
ATES, and heat grid. As such, it is likely that the farmers will have to supply more data and
attend more meetings to get this technological option installed, and it is awarded +. The
option that will be most difficult to adopt is the Hydrogen Production scenario, because the
farmers will have to collectively invest in and benefit from the electrolyser. It is awarded −−−.
Finally, the Big Battery scenario is awarded − because it requires collective installation of a
Li-ion battery. However, collective adoption of such a battery has been demonstrated in the
Netherlands before, and it is expected that it can relatively easily be adopted by the farmers
in the case study.

Fairness

The indicator fairness measures the extent to which the technological option allows local stake-
holders to benefit equally from the installed energy technologies. This indicator is important
particularly in the KOL13 case, where the scarcity of the capacity resource means that only
some stakeholders will start to generate energy and profit from it. This indicator is measured
for the KOL13 case on a scale ranging between −−− and + + +. Given this interpretation of
the fairness indicator, both DNO Toolkit and Business as Usual score −−−. In these options,
all available grid capacity is used for the production of electricity by the 11 KOL13 farmers,
most of which is thereafter exported. Local stakeholders that are not connected to KOL13
do not benefit from this system, and no production capacity remains available for other end
consumers.

The Big Battery option is slightly more fair than the DNO Toolkit and Business as Usual
options, since Big Battery avoids grid reinforcement through the installation of farmer-owned
Li-ion battery. In other words, in this scenario, the capacity that is created for generation is also
paid for by the stakeholders that make use of it. Nevertheless, in this option, local stakeholders
that are not connected to KOL13 cannot benefit from the energy that is produced. Overall,
therefore, it is awarded −−. In the Thermal Conversion and Hydrogen Production options,
local stakeholders not connected to KOL13 can benefit from the energy that is produced by the
farmers, since the installation of a heat grid allows them to reduce their dependence on natural
gas for heating. The Thermal Conversion option produces enough heat to cover demand of
roughly 800 households. In contrast, the Hydrogen Production scenario produces enough heat
to cover demand of roughly 650 households. Overall, therefore, the Hydrogen Production
scenario is less fair than the Thermal Conversion scenario because it excludes more households
in Kollum and Oudwoude from participation. The Hydrogen Production scenario is scored +,
and Thermal Conversion ++.
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Social Acceptance

The criterion social acceptance captures the extent to which local stakeholders are expected
to accept a technological option. Like most other qualitative indicators discussed thus far,
social acceptance is measured on a scale between −−− and + + +. A solution is more likely
to be socially acceptable when it does not involve socially contested technologies (e.g. wind
turbines, hydrogen production). Both Business as Usual and DNO Toolkit score high on this
criterion, since they only employ PV technology. PV panels have been accepted as the main
technology driving the energy transition in the Netherlands (voor de leefomgeving en infras-
tructuur, 2017; Rijksdienst voor Ondernemend Nederland, 2019d). However, both options do
require significant grid reinforcements, which local stakeholders might find cumbersome. Since
Business as Usual requires more grid reinforcement (also closer to the village centres of Kollum
and Oudwoude), it scores ++. DNO Toolkit scores + + +.

The Big Battery option employs a Li-ion battery that has been adopted previously in other
projects in the Netherlands, and is unlikely to be socially unacceptable. Additionally, this
option does not require grid reinforcements, so local stakeholders will not experience hindrance
from construction activities. However, this option does rely on the installation of 11 small
wind turbines, which significantly lowers the social acceptance (Nederlandse Omroep Stichting,
2018a, 2019a, 2018b; van Santen & Kooiman, 2018). Overall, Big Battery is scored − on this
criterion. Thermal Conversion is also scored −, because it does not employ wind turbines but
does require significant grid reinforcement. Not only does this option require the doubling of
a section of KOL13, it also requires the installation of an extensive heat grid in Kollum and
Oudwoude. The Hydrogen Production scenario scores −−− because it involves the installation
of a large wind turbine, in combination with contested hydrogen technology, a battery, and
grid reinforcements in the form of the installation of a heat grid.

Local ownership

The final qualitative criterion in the performance matrix is local ownership, which captures the
extent to which local communities are able to own and benefit from the energy technologies
installed in Kollum and Oudwoude. As discussed before, the first three technological options
do not allow local communities to benefit from energy technologies: the available production
capacity on KOL13 is entirely used by farmers to produce electricity that is delivered only
to end-consumers on KOL13. All three are scored − − −. The Thermal Conversion option,
however, does create some space for local ownership: local communities could decide to co-
invest in the heat grids being installed in Kollum and Oudwoude, and might decide to fund
the installation of new heat sources connected to the heat network. The Hydrogen Production
option offers the same opportunities, and might also allow local communities to invest in the
1MW wind turbine (’dorpsmolen’). The local production of hydrogen opens up opportunities
for investment in new services (e.g. hydrogen fuel station), that local communities could also
own and benefit from. Overall, therefore, these last technological options score + and + + +,
respectively.

119



H Extension: Weighting factors workshop

Workshop agenda and attendees

On June 13 2019, a workshop was organized with the aim of establishing the weighting factors
for the MCDA. Representatives of all nine high-priority stakeholder groups were invited to
attend the session. Table H.1 provides an overview of the agenda of the workshop, and table
H.2 lists the stakeholder representatives that attended the session.

Time Workshop section
20:05 Opening of the session: welcome by representative NFW
20:10 Reiteration of project content and review of prior sessions
20:15 Explanation decision criteria and the importance of weighting factors
20:30 Explanation workshop method and instructions
20:40 Round 1 of the workshop: individual criteria ranks, aggregation,

plenary feedback and discussion
21:25 Round 2 of the workshop: individual criteria ranks, aggregation,

plenary feedback and discussion
22:00 Feedback round session and pre-view of next session

Table H.1: Agenda for the weighting factor workshop

Stakeholder group Number of Attendee backgrounds
attendees

Farmers 5 3 dairy farmers
1 poultry farmer
1 agricultural contractor

NFW 4 treasurer board NFW
coordinator ‘Agriculture, Environment,
Water and Economy’
2 general members NFW

LTO Noord 2 representative local LTO board
project manager LTO Noord Projecten

Provinsje Fryslân 1 coordinator ‘Agriculture and Energy’

Gemeente Noardeast 1 policy officer ‘Sustainability’
Fryslân

Enerzjykoöperaasje 1 chairman
Westergeast

WUR 1 senior researcher Livestock Research
(did not supply criteria ranks)

Alliander 3 advisor energy transition
senior programme manager asset management
consultant energy transition, gas & circularity

Table H.2: List of attendees of the weighting factor workshop
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Group weighting factors

A two-round Delphi method was used to elicit the weighting factors. The aggregated results
of the first round are given in figure H.1. The results of the second round are given in H.2. In
each round, the ordinal ranks provided by each of the participating stakeholder representatives
were converted to numerical scores using the centroid weight method (see equation 4 in section
3). Subsequently, these numerical scores were averaged to come up with a group result.
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Figure H.1: Group weighting factors established in round 1 of the Delphi workshop.
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Figure H.2: Group weighting factors established in round 2 of the Delphi workshop.

121



Weighting factors per stakeholder group

Figure H.3 shows the weighting factors resulting from round 2 of the Delphi workshop, dis-
aggregated per stakeholder group. A differentiation was made between the weighting factors
assigned by representatives from the farmers, NFW and LTO Noord (group (a)), the grid
operator (group (b)), local government (group (c)) and local civil society groups (group (d)).

(a) farmers, NFW and LTO Noord
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(b) grid operator (Alliander)
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(c) province and municipality

Bus
in
es

s 
ca

se
 fa

rm
er

s

Tot
al
 re

ne
w
ab

le
 g

en
er

at
io
n

C
os

ts
 g

rid
 re

in
fo

rc
em

en
t

R
ea

lis
at

io
n 

tim
e

C
lim

at
e 

im
pa

ct
 fa

rm
s

C
lim

at
e 

im
pa

ct
 s
ur

ro
un

di
ng

s

Agr
ic
ul
tu

ra
l l
an

d 
us

e

Vis
ua

l i
m

pa
ct

In
st
itu

tio
na

l f
it 
R
ES

Eas
e 

of
 a

do
pt

io
n

Fai
rn

es
s

Soc
ia
l a

cc
ep

ta
nc

e

Lo
ca

l o
w
ne

rs
hi
p

0

5

10

15

20

25

W
e

ig
h

ti
n

g
 f

a
c
to

r

(d) energy cooperation (EKW)
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Figure H.3: Weighting factors disaggregated per stakeholder group
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I Theoretical foundations: Stakeholder Analysis

In understanding the decision-making context of any project, policy or technology, it is im-
portant to get an understanding of the stakeholders that can impact or are impacted by it.
In MCDA - as in other analysis methods - this is typically done with a Stakeholder Analysis
(SA). This section provides a short insight into the theoretical foundations and key methods
of SA with the aim of providing background information to support the SA presented in this
thesis.

The first step in the identification of project stakeholders is to get an understanding of what
stakeholders are. According to Grimble & Wellard’s 1997 seminal work, stakeholders are “any
group of people, organised or unorganised, who share a common interest or stake in a particular
issue or system” (p. 175-176). The ‘particular issue’ or ‘system’ that they refer to can be myriad
of things, such as new policy proposals, technology programs or projects (Raum, 2018; Reed et
al., 2009; Schmeer, 1999). Other authors, like Reed et al. (2009), have expanded this definition
of stakeholders to those people “who [are] affected by the decisions and actions [decision-makers]
take, and who ha[ve] the power to influence their outcome” (p. 1993). Stakeholders can be
identified at any level in society – i.e. on the global, national, regional or local level – and can
both be individuals and organizations (Grimble & Wellard, 1997; Reed et al., 2009).

It is often (partially) unclear what stakeholders will affect or will be affected by a given policy,
program or project. Stakeholder analysis (SA) is a helpful tool to identify and categorize
stakeholders, and to better understand the relationships among stakeholders. The use of SA has
multiple advantages. First, the identification of stakeholders and their interests helps decision-
makers predict who might support or oppose the implementation of new technologies or policy,
and this information can help them “develop strategies to promote supportive actions and
decrease opposing actions before attempting to implement major reform” (Schmeer, 1999, p.
2-1). Second, the identification of stakeholders using SA might be a stepping stone for the active
involvement of these stakeholders in decision-making, making the outcomes of these decisions
more acceptable to the general public. In a similar way, SA may be used to identify and
overcome strategic obstacles to the adoption of new technologies or services by adapting them
to stakeholder preferences in an early stage (Reed et al., 2009). Third, using SA, it is possible
to identify marginal stakeholders and to empower them to influence decision-making processes
(Reed et al., 2009). The emphasis on the relationships underlying stakeholder interaction
makes SA a powerful tool to study power relationships underlying strategic decisions (Raum,
2018; Reed et al., 2009), and, as such, SA can contribute to “equitable and sustainable [. . . ]
governance and management” (Raum, 2018, p. 171).

A plethora of methods have been developed for SA, and the use of these methods is to a
large extent open to the interpretation of the researcher. SA methods are not set in stone
and can be adapted conform the specific needs of the analysis, making it a very versatile
approach that can be applied in many different decision-making contexts (Raum, 2018; Reed
et al., 2009). According to Reed et al. (2009), the specific choice of methods depends on
the goal that is being pursued in the stakeholder analysis. They make a distinction between
normative SA, instrumental SA, and descriptive SA. Normative approaches are typically used
to legitimize the decision-making process by proving that representative stakeholders have been
involved. These methods are often constructivist in nature since they recognize the existence
of multiple perspectives and aim to invite stakeholders to jointly build a ‘reality’ of the impacts
of the project, program or policy under discussion. In contrast, instrumental approaches are
typically more pragmatic in that they are used to understanding how decision-making entities
can “explain and manage the behaviour of stakeholders to achieve desired outcomes” (Reed et
al., 2009, p. 1936). Finally, descriptive SA has the aim of developing an understanding about
the relationship between a project, program or policy and the stakeholders impacting it or
impacted by it (Reed et al., 2009).

The paper by Reed et al. (2009) presents a meta-study of SA methods, giving a wide overview
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of the methods researchers and practitioners can sample from to 1) identify, 2) categorize
and 3) investigate the relationships between the stakeholders. For the execution of each of
these steps, different methods can be employed. All steps can make use of active stakeholder
participation, in which stakeholders are, for instance, interviewed or asked to provide new
input about other stakeholders using snowball sampling methods. However, adopting an active
stakeholder approach is not necessary for SA – if enough data exists about the stakeholders
involved or the analyst has an intimate knowledge of local concerns and groups active in the
field of study, then “stakeholder analysis can be conducted without the active participation of
the stakeholders themselves” (Reed et al., 2009, p. 1936).

The identification of stakeholders and their stakes in the first step of SA typically involves a
desk study in which written records, policy documents and census data are used to come up
with a preliminary list of stakeholders (Raum, 2018; Reed et al., 2009; Schmeer, 1999). This
list of stakeholders can be expanded upon using other methods, such as focus groups, semi-
structured interviews with stakeholders, or snow-ball sampling. Typically, for larger projects
with many stakeholders, it is advised to use graphical methods to present this list of stakehold-
ers. Chevalier & Buckles (2013) propose the use of a rainbow diagram that allows researchers
or practitioners to place identified stakeholders on a radial graph showing the extent to which
stakeholders can affect or are affected by a policy, program or project (Chevalier & Buckles,
2013).

The categorization of stakeholders in the second step of SA can again take place in a vari-
ety of ways, but the method most commonly encountered in the literature is a variation on
the influence vs interest matrix (also called power vs interest matrix or importance-influence
matrix) (Grimble & Wellard, 1997; Raum, 2018; Reed et al., 2009; Schmeer, 1999). In this
method, stakeholders are placed on a two-dimensional grid depending on their influence on a
specific decision as well as their interest in a specific decision or outcome (Reed et al., 2009).
Stakeholders can thereafter be categorized into four segments: ‘key players’ (those who have a
high interest in the project and a high influence on its outcome), ‘context-setters’ (those with
low interest in the outcome of a project but with a high influence on it), ‘subjects’ (those with
high interest but low influence), and ‘crowd’ (those without influence or interest in the outcome
of a project). This method can help prioritize which stakeholders should be included actively
in the decision-making process (Schmeer, 1999). Key players and subjects are stakeholders for
who prioritization is advised because they either have high interest in the project or have both
a high interest and a high influence. In contrast, stakeholders in the crowd and context-setters
categories require less priority unless they have such high influence over project outcomes that
they must be kept content about project development (Schmeer, 1999; Reed et al., 2009).

The third step of SA – the investigation of the relationship between stakeholders – can be done
using one of three dominant approaches. First, in the establishment of actor-linkage (AL)
matrices, “stakeholders [are] listed in rows and columns of a table creating a grid so that the
interrelations between them can be described, using key words” (Reed et al., 2009, p. 1939).
AL matrices are used very often in the literature about SA because their construction requires
virtually no resources and they can be easily interpreted. A second method is Social Network
Analysis (SNA), which builds upon the AL matrix. Instead of using single words to describe
relationships, like in AL, SNA aims to map the type and strength of ties between stakeholders.
Typically, multiple types of ties are investigated, such as communication, friendship, advice,
conflict, etc. The strength of the ties between stakeholders can give indications of the type and
amount of knowledge that is expected to flow along them (Reed et al., 2009). The third method
is knowledge mapping, which is a relatively new method and not often applied because of its
resource intensity. It aims to capture the knowledge of different stakeholders across time and
space. The method is particularly interesting for instrumental SA that aims to meet specific
objectives and therefore needs to leverage different knowledge flows (Reed et al., 2009).
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J Theoretical foundations: Power Flow Analysis

With the advent of the energy transition, power distribution systems are in flux with new
sources and loads being added to existing MV and LV grids. The addition of these sources
and loads can have resounding impacts on power system voltage levels and power flows, and
these must be made clear to ensure grid reliability, economic operation and other objectives
(Banerjee, Jayaweera, & Islam, 2016; Glover, Sarma, & Overbye, 2012). Since practical experi-
mentation in power systems is infeasible, mathematical simulation is required to determine the
impacts of (renewable) sources and new loads on the distribution grid (Banerjee et al., 2016).

One commonly used method to do so is power flow analysis (PFA), also referred to as load
flow analysis. PFA takes a balanced three-phase, steady state approach to system evaluation.
The goal of PFA is to investigate whether all loads in the network are being supplied by
available generation capacity; whether voltage levels are kept within a specified tolerable band;
and whether electrical equipment such as generators, transmission lines and transformers are
operated within their limits (Glover et al., 2012; Qin, 2018). As such, PFA can be used to find
solutions to the power flow problem, which is defined as “the computation of voltage magnitude
and phase angle at each bus in the power system under balanced, three-phase conditions"
(Glover et al., 2012, p. 325). According to Glover et al. (2012), PFA can be used to analyze
existing power systems as well as proposed changes to these systems, including the addition of
new generation or transmission capacity to meet load growth or decrease environmental impact
(Benhamida, Bandaoued, & Ramdani, 2010). Since PFA accommodates the computation of
voltages on a per-bus basis and it allows the evaluation of different scenarios within system
planning studies, it is expertly suited as an analytical method to the KOL13 case.

Several methods have been developed to solve the power flow problem. The most common
methods are mathematical iterative procedures like the Jacobi (Gauss), Gauss-Seidel and
Newton-Raphson methods, which are used to approximate the solution to the load flow problem
within a given (pre-set) precision band (Glover et al., 2012; Qin, 2018; Benhamida et al., 2010).
Alternatives to these iterative methods have been developed as well, such as methods based
on quadratic programming and artificial intelligence applications. Benhamida et al. (2010)
provide a comprehensive overview of the available computational methods in their literature
review of power flow approaches. Most methods have been developed with a symmetrical
three-phase system in mind, but adaptations have been made to handle asymmetrical systems
as well (Strezoski & Trpezanovski, 2000; Zhang & Chen, 1994).

For relatively complex or expansive grid models for which the steady-state operation must be
investigated, the Newton-Raphson method is recommended (Glover et al., 2012; Qin, 2018).
This is because the Newton-Raphson method requires fewer iterations to find solutions to
the power flow problem than analytical alternatives, and has been proven to find converg-
ing solutions more often than competing methods such as Jacobi or Gauss-Seidel. Since the
Newton-Raphson method is employed in many software programmes, including Vision which
is used in this study, this section only reviews the foundations of this method, not others. The
next sections deal with the fundamentals of the Newton-Raphson method and its application
in PFA. Grid control opportunities embedded in the PFA are discussed, as are the drawbacks
of the Newton-Raphson method. This Appendix ends with a discussion of PFA in the software
programme Vision.

Fundamentals of the Newton-Raphson method

The Newton-Raphson method can be used to find solutions to sets of nonlinear algebraic
equations of the form
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f(x) =


f1(x)
f2(x)

...
fN (x)

 = y (J.1)

Given the functions f1(x), f2(x), ..., fN (x) described by the matrix f(x) and the output y,
application of the Newton-Raphson method helps to solve for x (Glover et al., 2012; Qin, 2018).
As section J will elucidate, in case of the power flow problem, x constitutes the parameters
voltage magnitude Vk and phase angle δk for all buses in the power system. The first step in
solving (J.1) for a generic set of nonlinear equations is rewriting it as

0 = y− f(x) (J.2)

or, alternatively, as

Dx = Dx + y− f(x) (J.3)

where D is an invertible, square matrix with dimensions N × N . Multiplying both sides of
(J.3) with the inverse of matrix D, D-1, delivers

x = x + D-1[y− f(x)] (J.4)

The Newton-Raphson method is an iterative method, that is, it aims to find solutions to the
power flow problem by incrementally approaching a solution to the problem. This is done by
updating ‘old’ approximations of the solution, x(i), to new a new approximation, x(i+ 1). If
the solution converges, updating the approximation by using old values leads to a solution to
the set of nonlinear equations after several iterations. The Newton-Raphson method typically
needs 10 or less iterations to produce a solution (Glover et al., 2012). This iterative process of
updating estimated values for x can be expressed analytically by rewriting (J.4) into

x(i+ 1) = x(i) + D-1{y− f[x(i)]} (J.5)

The Newton-Raphson method uses Taylor series expansion of f(x) about an operating point
x0 to find D. The higher-order terms of the Taylor expansion can be omitted (Glover et al.,
2012; Qin, 2018), which yields

y = f(x) +
df
dx

∣∣∣∣
x=x0

(x− x0) (J.6)

which in turn can be rearranged into

x = x0 +

[
df
dx

∣∣∣∣
x=x0

]−1

[y− f(x0)] (J.7)

which has the same form as (J.5). To find a solution, the Newton-Raphson algorithm assumes
an initial guess for the unknown variables, x0, and uses this initial guess to infer a new solution,
x1 (Qin, 2018). To generalize (J.7) to any combination of x0 and x (with x = x0 +1), it can
be rewritten as
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x(i+ 1) = x(i) + J-1(i){y− f[x(i)]} (J.8)

The N × N matrix J(i) is called the Jacobian matrix, or simply Jacobian. Its definition can
be taken from (J.7): its elements are the derivatives of the set of functions f(x) to x, i.e.

J(i) =
df
dx

∣∣∣∣
x=x(i)

=



df1
dx1

df1
dx2

. . . df1
dxN

df2
dx1

df2
dx2

. . . df2
dxN

...
...

. . .
...

dfN
dx1

dfN
dx2

. . . dfN
dxN


x=x(i)

(J.9)

If the solution to the problem at hand converges, the difference between x(i+ 1) and x(i) will
diminish, i.e. ∆x(i) =x(i + 1)−x(i) will become smaller with each iteration. The iterative
procedure prescribed by the Newton-Raphson method stops when ∆x(i) ≤ ε, with ε a pre-set
precision value that is a small positive number (Glover et al., 2012).

Application of the Newton-Raphson method to PFA

To apply the Newton-Raphson method developed in equations (J.1)-(J.9) to the power flow
problem, the entities x, f(x) and y must be given physically meaningful interpretations. The
starting point of the power flow analysis is a single-line diagram of the power system, which
describes buses, lines and other electrical equipment such as transformers and generators
(Benhamida et al., 2010; Glover et al., 2012). The single-line diagram is used as a representa-
tion of a symmetrical three-phase system. Each bus k in the diagram can be characterized by
a voltage and a power component by means of voltage magnitude Vk, phase angle δk, active
power Pk and reactive power Qk. The power flow analysis aims to quantify Vk and δk for each
bus, from which Pk and Qk can be derived. As such, Pk and Qk are seen as the byproducts of
the PFA (Qin, 2018).

To solve the power flow problem, at least two out of four bus parameters should be specified as
a starting point for each bus. Depending on the input data that are known per bus, the buses
can be classified into one of three categories (Glover et al., 2012; Qin, 2018):

• Swing buses (or slack buses) for which Vk and δk are already specified. These are typically
reference buses for which Vk is set to 1.0 p.u. and δk is set to 0 rad.

• Load (PQ) buses for which Pk and Qk are specified. These buses are equipped with
transformers that inject or extract active and reactive power from their respective buses.
PQ buses are typically passive, since the voltage magnitude and angle directly result
from the current flow in the grid (Qin, 2018).

• Voltage controlled (PV ) buses specify Pk and δk as inputs. Voltage controlled buses
typically have generators connected. Excitation control allows controlling the output
voltage of the generators.

In most power system diagrams, there is only one swing bus that is used as a reference bus
(Glover et al., 2012; Qin, 2018). Voltage controlled buses are typically rare in medium voltage
networks, since many distribution systems have few generation units connected. Therefore,
most buses in a power system diagram are load buses. This also holds for the single-line
diagram used for the KOL13 case.

The relationship between Vk, δk, Pk and Qk for each bus k can be defined following the
expression for the complex power delivered to bus k, Sk:
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Sk = Pk + jQk = VkI
∗
k (J.10)

where Ik is the current injected into bus k. Ik, in turn, can be defined by

Ik =

N∑
n=1

YknVn (J.11)

with Ykn the knth element of the bus admittance matrix Ybus. The diagonal elements of the
bus admittance matrix index the self-admittance of bus k ; the off-diagonal elements are the
negative branch admittances between buses k and n (Glover et al., 2012; Qin, 2018). Ykn
can be written in polar coordinates in the form of Ykn∠θkn. Combining equations (J.10) and
(J.11) delivers an expression for the apparent power for bus k in terms of only bus voltages
and admittances, which allows the calculation Vk, δk, Pk and Qk for each bus k :

Pk + jQk = Vk

[ N∑
n=1

YknVkn

]∗
(J.12)

Taking the real and imaginary parts of (J.12), the power balance equations for bus k can then
be written as

Pk = Vk

N∑
n=1

YknVn cos(δk − δn − θkn) (J.13)

Qk = Vk

N∑
n=1

YknVn sin(δk − δn − θkn) (J.14)

with δk and δn the voltage phase angles of buses k and n, respectively (Glover et al., 2012;
Qin, 2018). θkn is derived from the element of the bus admittance matrix Ykn.

The aim of the Newton-Raphson method is to approach solutions for Vk, δk, Pk and Qk for all
buses in the network within a given pre-set precision band. In other words, equations (J.13)
and (J.14) must be iteratively solved. The procedure in section J can be followed to do so.
The first step is to define the x, f(x) and y vectors from equation (J.1) fpr the power flow
problem. This can be done as follows:

x =

[
δ
V

]
=



δ2
...
δN
V2

...
VN


; y =

[
P
Q

]
=



P2

...
PN
Q2

...
QN


; f(x) =

[
P(x)
Q(x)

]
=



P2(x)
...

PN (x)
Q2(x)

...
QN (x)


(J.15)

It must be noted that the swing bus variables V1 and δ1 are omitted from (J.15), since those
are already known and set to the reference values of 1.0 and 0 rad, respectively. The Newton-
Raphson algorithm outlined in (J.8) can now be used to iteratively find solutions for δk and

Vk for each bus k by starting with an assumption x(i) =
[
δ(i)
V(i)

]
and computing x(i+ 1) from

there. Because f and x from (J.9) both consist of two elements, the Jacobian matrix required
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to solve the power flow problem using the Newton-Rhapson algorithm consists of four distinct
quadrants and has the form

J =



dP2

dδ2
. . . dP2

dδN
dP2

dV2
. . . dP2

dVN

...
. . .

...
...

. . .
...

dPN

dδ2
. . . dPN

dδN
dPN

dV2
. . . dPN

dVN

dQ2

dδ2
. . . dQ2

dδN

dQ2

dV2
. . . dQ2

dVN

...
. . .

...
...

. . .
...

dQN

dδ2
. . . dQN

dδN

dQN

dV2
. . . dQN

dVN


(J.16)

As described in section J, the Newton-Raphson method stops when the mismatch between
x(i) and x(i+ 1) has been reduced to a small number. In case of the power flow problem, the
Newton-Raphson method aims to minimize the power mismatch per bus. Given x, y, f(x) and
J, the power mismatch of the system is given as

∆y(i) =

[
∆P(i)
∆Q(i)

]
=

[
P − P[x(i)]
Q − Q[x(i)]

]
(J.17)

The power mismatches in ∆y(i) can be related to the changes in phase angle and voltage
magnitude ∆x(i) by means of the Jacobian (Glover et al., 2012; Qin, 2018), i.e.

∆y(i) = −J∆x(i) (J.18)

The iteration procedure will stop when the power mismatch given in (J.17) is less than a
predefined convergence precision, ε, which is a small, positive number. Alternatively, for prac-
tical computational applications, the iteration process will stop once the maximum number of
iterations has been reached (Glover et al., 2012; Qin, 2018).

Power system control and PFA

The fact that power flow analysis evaluates the steady-state behaviour of power systems does
not mean that the grid is assumed to be static or unresponsive to changes in power flows. In
fact, the power flow in the system can be controlled by changing equipment settings in the
network. In PFA, three types of power flow or voltage control can be taken into consideration.
First, prime mover and excitation control of generators can be used to impact the real and
reactive powers injected in a voltage controlled (PQ) bus. By changing the excitation voltage
or excitation angle, generator output in P and Q can be altered (Glover et al., 2012). Second,
shunt capacitor banks can be switched to impact the amount of reactive load injected in a bus.
The addition of more capacitance in the network adds to the negative reactive load of the buses
in the network as capacitors absorb reactive power (Glover et al., 2012).

Third, the settings of tap changing and regulating transformers can be altered to impact the
power flow in the system. The power flow method can account for tap-changing transformers
by treating the buses to which they are connected as load buses (Glover et al., 2012). The
first iteration of the load flow analysis calculates the equivalent grid parameters with a tap
setting assumed to be c = 1.0. Subsequently, for each iteration, the computed bus voltage is
compared to a desired value of the voltage specified with the input data. For the KOL13 case,
for instance, the reference voltage would be 10.5 kV, and the voltage for all buses should be
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kept within a range between 9.9 and 11.1 kV. If the computed voltage in iteration i is low, c
is increased to its next setting, i.e. c = c + τ with τ the tap size of the transformer. After,
the circuit parameters and the bus admittance matrix are recalculated and the same iteration
(index i) is recomputed. If the voltage is high, c is decreased in a similar procedure. This
process continues until the computed bus voltage approximates the desired value, or until the
high or low tap-setting limit of the transformer is reached.

Drawbacks of the Newton-Raphson method

Although the Newton-Raphson method is widely applied in power flow analysis, it has some
drawbacks. First, the method uses more computational capacity than for instance the Jacobi
and Gauss-Seidel methods (Glover et al., 2012). This is especially true for larger power systems.
Second, the method needs a ‘good’ initial guess x0 to provide a solution. Under normal
conditions, the Newton-Raphson method converges to the solution of the power flow problem
with each iteration. However, if the first guess is too far off the solution, the method may
not converge and may move out of the solution space. Making an appropriate initial guess
is challenging, especially in abnormal situations, and therefore requires significant expertise
about the system to be studied (Qin, 2018).

As mentioned, to find a solution to the power flow problem using the Newton-Raphson method
- or other iterative methods such as Jacobi or Gauss-Seidel - the outcomes of the iteration steps
must converge until the computed power mismatch is lower than a pre-set value ε. However, in
some cases, the chosen algorithm may lead to divergent or non-convergent outcomes, so that
the solution to the power flow problem cannot be found. There are several causes of divergence.
First, the chosen iterative method may not be suited to the analysis of the chosen grid model
(Dong, Kostyniak, & Lam, 2012). In such cases, applying different iterative procedures may
be recommended. Second, as mentioned, the initial guesses x0 may not be close enough to
true system values, meaning that the solution to the power flow problem cannot be computed
(Dong et al., 2012; Qin, 2018). Third, the single-line diagram of the system may contain
infeasible operation points, for instance when load demand at the buses exceeds the transfer
capability of the lines (Dong et al., 2012). This could happen, for instance, in case load growth
outpaces the installation of new capacity. Finally, the load flow analysis may result in diverging
outcomes because too many control adjustments are included in the network. If there are too
many instances of tap changing transformers, switching shunt capacitors, and controllable
generators in the network, there will be too many control parameters to compute a solution.
If these control parameters are poorly coordinated, this can result in non-convergence (Dong
et al., 2012).

PFA in Vision

In this thesis, the software programme Vision, developed by the Dutch company Phase to
Phase is used to run load flows for the KOL13 case. The software package contains both
symmetric and asymmetric power flow analysis using the Gauss-Seidel and Newton-Raphson
methods. In this study, symmetric load flow analysis using the Newton-Raphson method is
used. The maximum number of Newton-Raphson iterations that are made per analysis is 15,
and the iteration stops when the power mismatch ∆y(i) is lower than 1e−5, i.e. ε = 1e−5.
Vision takes power flow control into account by accommodating tap-changing transformers,
capacitor switching and excitation control. Further, the software allows the integration of load
and generation profiles to compute steady-state system performance under varying conditions
throughout the day, week or year. To analyze the impacts of defects or faults in the system,
the software also allows (n−1) and (n−2) analysis (Phase to Phase, 2019). Overall, therefore,
the software offers a comprehensive package of power flow analysis tools that are congruent
with the analytical demands of the KOL13 case.
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